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ABSTRACT
Experimental and Theoretical Investigation on the Initiation Mechanism of
Low-rank Coal’s Self-Heating Process
Yinan Zhang
Coal spontaneous combustion remains a safety concern during coal mining, transportation, and
storage and requires further investigation to develop effective prevention and control strategies.
While various intrinsic and extrinsic conditions may influence coal self-heating, low-rank coals
are more prone to spontaneous combustion, especially in humid climates. Therefore, quantifying
the effect of extrinsic moisture on the self-heating of low-rank coals is critical for understanding
the high propensity of low-rank coals for spontaneous combustion. Many studies have qualitatively
evaluated the role of extrinsic moisture on the coal self-heating. Despite this, few studies have
quantified the contribution of extrinsic moisture on wetting and oxidation heat and their ultimate
impact on coal's tendency for spontaneous combustion. This dissertation seeks to develop
experimental and mathematical strategies for quantifying the contribution of extrinsic moisture to
low-rank coal self-heating under various intrinsic conditions.
As such, a modified R70 experiment setup is designed to effectively introduce moist oxygen and
evaluate the impact of extrinsic moisture on coal self-heating. This experimental setup is capable
of controlling the temperature and humidity of inlet oxygen while monitoring the relative humidity
of the outlet gas in real-time. The comparison between inlet oxygen's enthalpy and coal oxidation
heat shows that only a portion of the moist oxygen's enthalpy is consumed to sustain the coal's
self-heating. Next, the wetting heat is identified as the differential enthalpy between the inlet and
outlet gas and quantified by implementing the photogrammetry technique for the inlet gas’s
specific humidity and the real-time measurement of the outlet gas's relative humidity. Following
the results of these systematic testing, the quantification of wetting heat is comprehensively
investigated by testing different low-rank coal samples under varying air temperatures and
humidity levels. Furthermore, the combinatory effect of extrinsic moisture and coal particle size
is determined by testing different types of low-rank coals with different particle size distributions.
Finally, a mathematical model is developed based on the energy conservation law to simulate the
self-heating curve of low-rank coal under various air humidity and temperature levels.
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Chapter 1 Introduction
1.1 Background
Currently, coal is one of the primary energy sources in the world, accounting for
approximately 27% of the total energy consumption (Ritchie, Roser, and Pablo, 2020). As a fossil
fuel, coal has the potential of self-heating without exterior heat sources. This phenomenon
generally starts from a slow oxidation process in a suitable environment with sufficient oxygen
supply and insufficient means to dissipate the generated heat. Coal oxidation is an irreversible
exothermic reaction, and its reaction rate increases with temperature (Deng et al., 2016). In the
development of the oxidation process, the generated heat accumulates and leads to an increment
of temperature and can eventually result in an exponential temperature increase and thermal
runaway.
The self-heating of coal generally initializes in the mine gob area and may not be easily
detected during mining and transportation of coal. According to the United States Bureau of Mines
and the National Institute of Occupational Safety and Health, 97 out of 944 total coal mine fires
were caused by coal self-heating from 1952 to 1999 (Smith and Lazzara, 1987; Pomroy and
Carigiet, 1995; De Rosa, 2004). The hazard of such fires is expected to increase with the projected
increased mining of low-rank coals (particularly in the western US), deeper mines with more
methane gas, and the growth in the size of longwall panels.
In addition to being a safety concern, self-heating of coal has adverse impacts on the health
of workers and the ecosystem. The spontaneous combustion of coal consumes valuable resources
and directly lowers the heating value of coal. Furthermore, the mine fire as a result of coal
spontaneous combustion causes interruption of mining operation resulting in indirect loss of coal
resources. The inaccessibility to the unmined coal seams due to mine fire causes more waste of
coal reserve. For example, one hundred million tons of coal reserves became unrecoverable as a
consequence of mine fires in the Wuda coal basin, China, with a total of 353 million tons of coal
reserve (Stracher and Taylor, 2004).
When coal self-heating occurs, smoldering combustion of coal releases various toxic
pollutants into the environment, and exposure to high concentration pollutants may cause illness
or even death to the workers (Melody and Johnston, 2015; Chalmers, 2019). Carbon monoxide
1

and hydrocarbons produced during coal’s self-heating also deteriorate the greenhouse effect
(Carras et al., 2009).
1.2 Motivations
The self-heating of coal involves complicated physical, chemical, and physio-chemical
reactions. The mechanisms of self-heating are still far from being fully understood. Different rank
coals or even the same type of coal under different environments have a varying proneness to selfheating. For instance, low-rank coals always feature high moisture content and volatile matter,
porous structures, and large interior surface area tending to adsorb more moisture in dried
conditions. If dried after processing and rewetted, the coal surface adsorb water vapor from the
environment. The released condensation heat could serve as the activation energy to initiate the
coal self-heating process (Bhat and Agarwal, 1996). Once the heat accumulates without being
sufficiently dissipated and is fed with sufficient oxygen, coal is oxidized and more heat is generated
(Deng et al., 2016b). Since distinct chemical and physical properties of coal and ambient
conditions are involved in this process, both experimental and theoretical research is required to
analyze this oxidation process (Onifade and Genc, 2020). In addition to moisture, coal particle size
is another intrinsic parameter that significantly affects coal spontaneous combustion. Although the
role of coal particle size in defining the characteristics of coal spontaneous combustion has been
extensively studied, most studies concentrated on the effect of particle size across the entire selfheating process, overlooking the importance of particle size under various extrinsic conditions
such as relative air humidity and temperatures. Given this, a thorough investigation into the role
of particle size in low-rank coal spontaneous combustion should be conducted.
Over the last decades, researchers developed several laboratory procedures (e.g, self-heating
index and thermodynamic tests) to evaluate mechanism and propensity of coal self-heating . R70
test, as one of the typical adiabatic methods, was standardized (Beamish, Barakat, and St. George,
2000) for evaluating coal’s self-heating proneness. While effective and reliable in most cases, the
original dry R70 adiabatic experiment is time-consuming. Furthermore, the original R70 test ignores
the importance of extrinsic conditions such as temperature and relative humidity on the coal selfheating rate. As a result, the dry R70 test may not successfully induce the initial stage of low-rank
coal’s self-heating process. Therefore, there is a critical need for designing a modified adiabatic
experiment to effectively simulate the realistic conditions under which coal is mined, stored, and
2

transported. In the absence of such a methodology, the results of laboratory-scale experiments for
predicting coal self-heating behavior may be misleading
Apart from experimental methods for investigating coal’s intrinsic propensity for self-heating,
empirical methods or mathematical models can help unveil the mechanism of spontaneous
combustion as well. Current numerical models mostly focus on simulating the self-heating
development of coal stockpile or involve utilizing the commercial simulation software. Few if any
model, aiming at identifying the self-heating propensity of coal, is developed based on the
modified R70 test. In this regard, a mathematical model should be developed based on the modified
R70 experiment to assist the study of intrinsic characteristics that influence coal spontaneous
combustion.
1.3 Objectives
The objective of this study is to explore the initiating mechanism of low-rank coal’s selfheating process. The findings from this work should contribute to a more comprehensive
understanding of low-rank coal’s self-heating, especially in the early stage. The advance in the
theoretical study will contribute to preventing and controlling low-rank coal’s spontaneous
combustion during the production and transportation. Based on the research gap concerning the
knowledge of the impacting factors and the analyzing techniques, and the primary goal of this
study, the following objectives are expected:
1. Comprehensively review the studies on the influencing factors and research techniques on
low-rank’s self-heating process.
2. Conduct moist R70 tests to obtain a preliminary knowledge of the quantified extrinsic
moisture’s effect.
3. Implement the moist R70 test over different types of low-rank coals to fully quantify the
wetting heat’s contribution within different stages of the self-heating process.
4. Systematically explore the effect of particle size under varying extrinsic conditions by the
moist R70 method.
5. Develop a numerical model that facilitates the moist R70 experiment.

3

1.4 Organization
The body of this dissertation consists of seven chapters. As a standalone chapter, each chapter
describes a specific phase or objective of this research. This approach is different from the
traditional dissertations in which each chapter’s content is contingent on the conclusions or
outcomes of the previous chapter. .
Chapter 1 introduces the background for the current work, research gap, research objectives
and a guideline of the research work.
Chapter 2 provides a review of the low-rank coal self-heating, the influencing factors, and
the experimental and numerical techniques implemented to study this phenomenon.
Chapter 3 describes the conceptualization and development of the improved R70 method. The
utilization of this method is demonstrated for the future study.
Chapter 4 analyzes three types of PRB coals under varying extrinsic conditions. Presents the
quantitative analysis of heat of wetting and evaporation heat based on the experimental results.
Chapter 5 tests three types of PRB coals, with different size fractions, under different
environmental temperatures and humidity levels. The effect of particle size on low-rank coal
spontaneous combustion is systematically investigated.
Chapter 6 proposes a mathematical model developed upon the energy conservation law.
Coupled with parameters determined by experiments or empirical methods, this model can be used
to generate the complete self-heating history of low-rank coal under lab conditions.
Chapter 7 summarizes the critical findings, contributions and limitations of this work.
Suggests the future scope of the following research.
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Chapter 2 Literature Review

ABSTRACT
Spontaneous combustion of coal is one of the leading causes of mine fire, and a major health
and safety risk for coal miners. Most reported coal spontaneous combustion events occur in surface
and underground mines where low-rank coals are extracted. Low-rank coals are more prone to
self-heating process due to their intrinsic properties, such as lower fixed carbon content, higher
moisture content, and volatile matter. With the anticipated rising production of low-rank coal in
the western coalfields, the hazard of spontaneous combustion is expected to increase. It is
imperative to explore the initiating and impacting factors of the low-rank coal self-heating process
before effective mitigation and control of coal spontaneous combustion can be implemented. This
chapter reports the origin of low-rank coal, the evolution of spontaneous combustion, the
influential factors, the primary experimental techniques, and numerical methods for studying the
self-heating characteristics of low-rank coal.

keywords: low-rank coal, spontaneous combustion, impacting factors, experimental technique,
numerical methods
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2.1 Introduction
2.1.1 Low-rank coal
Coal is a mixture of plant remains metamorphosed to varying degrees and mineral grains after
being exposed to varying geologic processes over millions of years. In terms of coalification, coal
was first formed as peat from plant materials deposited in swampy environments. The transition
from peat to coal (coalification) occurs in the subsurface and is dependent on extrinsic conditions,
including thermal gradients determined by local heat flow, lithostatic pressure proportional to the
overburden’s thickness, and fluid pressure depending on permeability (Tissot and Welte, 1984).
The significant changes in the elemental composition of coal during early-stage coalification
involve the loss of oxygen, moisture, and relative gain of carbon elements (Orem and Finkelman,
2003). Once the peat is compressed to a certain point where the intrinsic moisture content is
reduced to less than 75%, it is then regarded as coal (ISO, 2005). Different types of coal are formed
over time after exposure to varying pressure and temperature (Arnold, 2013). Table 2.1
summarizes a detailed progression of coal to higher ranks.
The term ‘rank’ is typically defined by the degree of coalification of the coal from initial
organic material. The higher the coal rank, the greater the extent of coalification. Coal rank plays
an essential role in describing the industrial characteristics of coal. For example, the energy
generated by the unit weight of coal (calorific value) directly correlates to coal rank. Many
countries have proposed standards and procedures for defining coals by rank and the American
Society for Testing and Materials (ASTM) is one of the systems most widely used outside of its
origin country. In the ASTM system, low-rank coal includes lignite and sub-bituminous coal
(ASTM, 1998).
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Table 2.1 Major stages of development from peat to meta-anthracite (Thomas, 2002)

Coalification stage

Approximate ASTM

Predominant

rank range

processes

Predominant
physio-chemical
changes

Maceration

Peatification

Peat

Humification

Formation of humic

Gelification

substances

Fermentation

Increase in

Concentration of

aromaticity

resistant substances

Dehydration

Bituminisation

Dehydration

Decreased moisture

Compaction loss of

contents and O/C ratio

O-bearing groups

Increased heating

Expulsion

value

of—COOH, CO2, H2O

Cleat growth

Generation and

Increased vitrinite R0

entrapment of

Increased fluorescence

Upper sub-bituminous

hydrocarbons

Increased extract

A to high volatile

depolymerization of

yields Decrease in

bituminous A

matrix

density and sorbate

Increased hydrogen

accessibility

bonding

Increased strength

Lignite to
sub-bituminous

Decreased

Debituminisation

Cracking

fluorescence

Uppermost high

Expulsion of low

Decreased molecular

volatile A to low

molecular weight

weight of extract

volatile bituminous

hydrocarbons,

Decreased H/C ratio

especially methane

Decreased strength
Cleat growth
Decrease in H/C ratio

Semi-anthracite to
Graphitisation

anthracite to
meta-anthracite

Coalescence and

Stronger XRD-peaks

ordering of

Increased sorbate

pre-graphitic aromatic

accessibility

lamellae

Anisotropy

Loss of hydrogen

Strength ring

Loss of nitrogen

condensation Cleat
healing

Low-rank coal is produced in all the coal-producing countries. The proven reserves of lowrank coals are 488,332,000 tons, equivalent to 55% of world coal reserves (BP, 2015). Low-rank
7

coals make up approximately 47% of total US coal reserves, within which 38% is sub-bituminous
and, 9% is lignite (UWSP, 2020). It is worthwhile noting that Powder River Basin is the most
important sub-bituminous reserve area (Figure 2.1). Furthermore, there are two large lignite
reserves in the US, one is the Fort Union Region of the Northern Great Plains Province, in parts
of North Dakota and Montana, and the other is the portion of six southern states in the Gulf
Province (Schober H H, 1995; Hook et al., 2011). Additionally, the United States is the largest
sub-bituminous coal-producing country in the world, and Powder River Basin provides nearly 40%
of the total US coal production (Center for American Progress, 2014). Low-rank coals are one of
the primary sources of power and heat generation globally (Dlouhý, 2010). Furthermore, due to
their high gasification reactivity at lower temperatures, low-rank coals are excellent raw materials
for gasification, a popular technology for electricity generation (Tomita and Ohtsuka, 2004;
Wagner et al., 2008).

Figure 2.1 Map of the various coalfields of the conterminous United States (USGS)
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2.1.2 Spontaneous combustion
Since the industrial revolution, the rapid development of human society has been
accompanied by the increasing number of coal fires. Compared with the coal-burning power plant,
coals are burnt relatively insufficient in a mine fire accident, resulting in a group of partially
oxidized products. CO2 and CO, together with many other constituents, are the main products of
the coal mine fire. According to the study, around 3% of total CO2 emissions originated from coal
fires (Zhang, Kroonenberg, and De Boer, 2004). The outbreak of coal mine fire directly threatens
the life properties of underground workers and the surrounding residents through toxic gases,
suffocation, and methane explosion (NPR, 2021). Mine fire is also one of the primary initiative
factors of methane explosions and coal outbursts (Kurlenya and Skritsky, 2017). In the US, one
major case of coal mine fires happened in the town of Centralia, PA. This coal mine fire has been
on since 1962. After several unsuccessful extinguishments of the fire, the fire extended to the coal
seam beneath it, resulting in following ground subsidence and CO toxication (David, 1986).
Meanwhile, coal mine fire has adverse environmental impacts according to the constituents of the
emission (Melody and Johnston, 2015). Several principal emissions resulted from coal mine fires
include (EIA, 2012):
⚫

Sulfur oxides (SOX) cause acid rain respiratory diseases.

⚫

Nitrogen oxides (NOX), which contribute to smog

⚫

Inhalable particulates

⚫

Carbon dioxide (CO2), the primary greenhouse gas

⚫

Mercury and other heavy metals

Moreover, coal mine fire causes a reduction in coal production and the loss of mining machines
(Karacan et al., 2011). Nowadays (Figure 2.2), coal mine fires are ubiquitous in all the coal fields
worldwide, including the USA, China, and Europe (Stracher and Taylor, 2004). The initiating
factors of coal mine fire can be classified into external ignition sources and coal spontaneous
combustion (CSC).
The CSC is a slow oxidation process that takes several hours or weeks. This process is
thermodynamically spontaneous, indicating that the progress does not need an external heating
source. During the spontaneous combustion of coal, there are two competing reactions, i.e.,
endothermic and exothermic reactions. The comparative relationship of these two reactions
9

determines whether the self-heating of coal will accelerate or decelerate. If the exothermic reaction
outweighs the endothermic reaction, the heat will gradually accumulate and the accumulated heat
will conversely cause deteriorated heat dissipation. When the heat accumulates, the coal
temperature will keep increasing to a thermal runaway stage, making the self-heating of coal totally
out of control. Coal seams in the western US are mostly shallow buried and suitable for surface
mining. The shallow burying depth contributes to the flow of oxygen to the coal seam and,
subsequently, the risk of CSC (Heffern and Coates, 2004).
Although featured abundant availability of industrial utilization, the high propensity for
spontaneous combustion hinders the extensive utilization of low-rank coal. Due to the difficulty
of identifying the early-stage CSC, it is almost impossible to locate the ignition point after
detecting the signs of spontaneous combustion. On this occasion, the extinguishing of the coal fire
could not be conducted promptly. Therefore, a systematic and in-depth study of the self-heating
characteristics of low-rank coal is a prerequisite for controlling mine fires and improving the health
and safety of coal mines. This literature review chapter describes:
⚫

critical review of intrinsic and extrinsic influencing factors on low-rank coal spontaneous
combustion.

⚫

widely utilized experimental techniques to study the characteristics of low-rank coal
spontaneous combustion.

⚫

the numerical modeling approaches developed to predict the self-heating behavior of low-rank
coals.
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Figure 2.2 Overview of coal mine fires around the world (Stracher, Prakash, and Sokol, 2011)

2.2 Influencing factors of CSC
Since the 17th century, the CSC has been explained by various theories. The primary theories
include the pyrite conduction hypothesis, the bacterial guidance hypothesis, and the coal and
oxygen comprehensive theory (Kong et al., 2017). Based on these theories, several studies have
identified the intrinsic and extrinsic factors related to the self-heating propensity of coal (Singh
and Demirbilek, 1987; Onifade and Genc, 2018a). The primary influencing factors of CSC are
discussed in the following sub-sections.
2.2.1 Intrinsic factors
According to the definition of the proximate analysis of coal, coal consists of four major
constituents, i.e., moisture content, volatile matter, fixed carbon, and ash (Figure 2.3). Many
studies have proved that each constituent may have distinct effect on the characteristics of coal
self-heating. This subsection reviews and summarizes relevant studies on each constituent’s
moderating role during the coal self-heating.

11

Figure 2.3 Diagram of Proximate Analysis of Coal (KGS, 2019) Intrinsic moisture

The coalification process is accompanied by the removal of water due to chemical reactions
and the physical consolidation of coal deposits (Yu et al., 2013). Previous studies showed that
intrinsic moisture existed in the bound phase and free phase in the coal through physicalmechanical, and physical-chemical forces as well as chemical bonding (Mraw and O’Rourke, 1982;
Arisoy and Akgiin, 1993). Deevi (1987) tested the effect of drying procedures with different
degrees of severity on the physical properties of four North Dakota ignites and classified the forms
of water in low-rank coal differently. He proposed that moisture may exist in low-rank coals in
superficial free water, capillary condensed water, adsorbed water associated with polar groups and
cations, and water released only by chemical decomposition of organic or inorganic matter.
According to (Allardice and Evans, 1978), water in low-rank coals can be summarized as: (1)
interior adsorption water is contained in micropores and microcapillaries within each coal particle,
deposited during coal formation; (2) surface adsorption water forms a layer of water molecules
that only bond to surface coal molecules; (3) capillary water is contained in capillaries; (4)
interparticle water is contained in small crevices found between two or more particles; and (5)
adhesion water forms a layer or film around the surface of the individual or agglomerated particles.
Water types (4) and (5), i.e., surface moisture, can be removed by mechanical dewatering methods
and water type (3) can be removed partially, dependent on the particle size of the coal and the
drying temperature.
12

The oxidation reaction of coal at low temperatures has been widely studied and the general
belief is that peroxy-compounds are generated through the oxidation of reactive radical sites within
the coal (Kim, 1977). The following breakdown of the proxy compounds releases heat and if not
sufficiently dissipated, will increase the localized temperature. The effect of moisture on this
process is complicated and there are two competing opinions on the role of moisture. On the one
hand, if moisture exists in sufficient quantities in the coal, it hinders the self-heating by reducing
the quantity of available reactive sites, reducing access to oxygen— the diffusion rate of oxygen
in the air is four orders of magnitude greater than in water (Bhattacharyya, 1971)— and absorbing
oxidation heat during evaporation (Beamish and Theiler, 2019). On the other hand, moisture acts
as a catalytic agent in forming peroxy-compounds, favoring the CSC initiation.
Many studies have proved the retarding effect of intrinsic moisture of coal on CSC. Australian
researchers utilized adiabatic oxidation experiments to test dry and moist coal samples. The selfheating propensity of coal samples was ranked based on their initial rate of heating (IRH) and total
temperature rise (TTR). It was found that dry coal had higher IRH and TTR than wet coal, proving
that higher moisture content could reduce the coal’s tendency to combust spontaneously (Ren,
Edwards, and Clarke, 1999). The self-heating rate of coal gradually increases as the oxidation
reaction proceeds. The temperature point where the coal temperature transcends the environmental
temperature is the crossing point temperature (CPT). Wu et al. (2018) artificially prepared the
same type of coal with varying moisture content—0%, 3%, 5%, and 7%. The cross point
temperature (CPT) data showed that coal samples with higher moisture content had higher CPT,
meaning a slower heating process. However, this retarding effect was insignificant since CPT only
increased by 2°C as moisture content increased from 0 to 7%. Similar studies were reported after
testing Turkish lignite (Kadioğlu and Varamaz, 2003; Küçük, Kadioǧlu and Gülaboǧlu, 2003).
Beamish and Theiler (2019) modified the original R70 method by removing the drying process and
testing the coal samples with as-received moisture content (Figure 2.4). The moderating effect of
moisture was proved experimentally. The coal G and I, with 11.7% and 9.2% high intrinsic
moisture content, both developed a substantial moisture once the temperature reached 80°C. The
process was accelerated after the intrinsic moisture were evaporated. However, coal H displayed
a less significant delay in self-heating due to lower moisture content.
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Figure 2.4 Adiabatic self-heating incubation test results for some high-volatile B bituminous coals
(Beamish and Theiler, 2019)

However, when the percent of moisture content is lowered, the hindering effects, due to water
evaporation and oxygen blockage, become less effective. Some studies have reported the opposite
effects of moisture on CSC, which adds to the complexity of water-coal interactions. Smith (2005)
used a semi-adiabatic reactor to measure the propensity of varying ranks of coal samples to
spontaneous combustion. The tendency to CSC was determined by measuring the rate of the lowtemperature oxidation reaction. Statistical modeling was performed over sufficient experimental
data to determine the factors with the most statistical significance. Intrinsic moisture was found to
be a critical factor and increased the oxidation rate when compared with dried samples. Chen, Wu,
and Agarwal (2000) built a single-particle model to simulate the steam-drying system of coal. The
model was extended to illustrate the effects of thermo-physical properties and operating variables
on the drying effect. The calculations based on the model agreed well with the reported
experimental data and it showed that coal samples were more prone to spontaneous combustion
before the steam-drying. Clemens and Matheson (1996) contributed another hypothesis of
moisture’s effect on CSC. Their experiment measured the moderating effect of tightly bound
moisture and loosely bound moisture respectively. The results showed that tightly bound moisture
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Figure 2.5 Heat of sorption of water on low-rank coal as a function of moisture content (Arisoy,
Beamish and Yoruk, 2017)

encouraged faster oxidation which enhanced thermal response. And when loosely bound moisture
remained in the coal, the thermal response of coal to dry oxygen decreased quickly, primarily due
to the hindered access to reactive sites and increased heat dissipation.
Apart from the competing results reported by the above studies, some scholars hypothesized
the existence of the critical moisture content, at which the coal is most likely to combust
spontaneously. The comparative study was carried out between the simulated and experimental
results. Their study proved a critical moisture level that controlled the likelihood of coal selfheating process, at which the maximum self-heating rate was observed. Sondreal and Ellman (1974)
tested the oxidation rate of lignite from North Dakota and showed conclusively that the lignite
underwent the fastest self-heating as the moisture was removed to 20%wt. While the moisture
content was further driven off, the oxidation rate was reduced. Chen and Scott (1993) tested a
series of 2-gram sub-bituminous coal samples in a microcalorimeter at 50°C by measuring the rate
of oxidation and the degree of drying. Results of experiments indicated that a maximum oxidation
rate occurred at a ‘critical’ moisture content of 7-17 weight percentage. In the following research,
Vance, Chen, and Scott (1996) accomplished a series of supplementary experiments to evaluate
moisture content’s effect on CSC under different temperatures. The results confirmed that the self15

heating rate maximized when the critical moisture content was around 7 weight percentage.
However, this phenomenon was most significant at temperatures below 0°C. This temperaturedependent critical moisture content can be assignable to the varying mechanism of coal oxidation
above and below 70°C. Below 70°C, moisture favored the formation of acid functions and
peroxides, which were the primary source of oxidation heat. Between 70 and 150°C, moisture
played a less important role as peroxides (Kim, 1977).
In Australia, Beamish and Hamilton (2005) tested coal samples from the Callide mine to study
the effect of moisture on the R70 index, the hourly temperature increment of coal from 40°C to
70°C, of coal. They claimed that at approximately 40-50% of the original moisture capacity of the
coal, the R70 was measurable. Under this level, the R70 self-heating rate decreased when the
moisture content increased. Above this level, a significant amount of oxidation heat was absorbed
during moisture evaporation, resulting in delayed self-heating. More recently, a thermodynamic
technique, TA-DSC (thermogravimetric analysis – differential scanning calorimetry) was
implemented to study four types of coal (lignite, sub-bituminous, bituminous, and anthracite) with
varying intrinsic moisture content. The critical moisture content varied among different types of
coals. Interestingly, lignite and anthracite had a 25% and 20% critical moisture content
respectively, while gas coal and fat coal had a higher self-heating tendency when the moisture
content decreased (Xu, Wang, and He, 2013).
Altogether, based on the results of previous studies, water-coal interaction is a complex process
and water exists in low-rank coal in different forms. The comprehensive relationship between the
intrinsic moisture content and the characteristics of coal self-heating is still unknown. The role of
intrinsic moisture on coal self-heating can either be active or negative and this relative magnitude
is a function of coal type and extrinsic conditions. Moreover, most of these studies focus on
qualitative analysis and it is hard to employ these findings to practical production without
quantitative studies. Therefore, more experimental and theoretical studies should be implemented
to identify the intrinsic moisture’s effect on CSC propensity.

Volatile Matter
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Although it is easy to determine the weight percentage of volatile matter by proximate
analysis (Donahue and Rais, 2009), a clear understanding of the constituents of the volatile matter
is still insufficient. In some studies, the volatile matter was postulated as the substance CxHyOz
(Hara et al., 2015; Wen et al., 2015). While in other studies, it was treated as a combination of
different substances, including COx and CxHy. (Zhao and Haworth, 2014; Tufano et al., 2016).
Liu et al. (2014) carried out a low-temperature oxidation experiment over coal samples with
varying percentages of volatile matter. The effect of volatile matter on CSC was characterized by
the oxygen consumption, heat release rate, and the analysis of product gases. They showed that at
the lower levels of volatile matter, the tendency of coal to self-heating was decreased. More
recently, Onifade and Genc (2018b) proposed a novel experimental device for predicting the selfheating characteristics of coal. The CSC propensity was ranked by each of the Wits-CT indices of
coal. Fourteen types of coals with varying percentages of volatile matter were tested and their
propensity to self-heating tended to decrease with the increasing volatile matter. Similar
observations were reported by Banerjee (2000). Wen et al. (2017) simulated the pulverized coal
laminar flames to examine the effects of volatile matter composition and chemical reaction
mechanisms. The results showed that the combustion characteristics of coal varied significantly
with a slight change in volatile matter composition. Overall, available studies on the impact of
volatile matter on CSC indicated that lowering the volatile matter of coal decreased the risk of coal
CSC (Yu, Lucas, and Wall, 2007).
Fixed carbon
According to the definition by the Kentucky Geological Survey, “Fixed carbon is a measure
of the amount of non-volatile carbon remaining in a coal sample. It is a calculated value determined
from other parameters measured in a proximate analysis, rather than through direct measurement”
(KGS a) The fixed carbon of coal is determined by subtracting the weight percentages of moisture,
volatile matter, and ash based on proximate analysis. Fixed carbon from the proximate analysis
does not have the same value as total carbon from the ultimate analysis since total carbon includes
the organic carbonaceous substance that decomposes as volatile matter during combustion. Since
the increase of volatile matter drives off the carbon of coal, the fixed carbon has the opposite trend
of volatile matter and it directly affects the ranking of the coal (Stach, 1982).
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Even though fixed carbon is considered a major constituent that affects coal’s ranking and
combustion characteristics (i.e., calorific value, and specific heat), no direct experimental research
has explored the effect of fixed carbon on CSC. It is generally believed that higher-ranking coals,
usually with higher fixed carbon content, are less prone to self-heating than coals with less fixed
carbon. This conclusion is supported by numerical research that studied all the intrinsic factors of
coal on the propensity of CSC using a statistical analysis (Singh and Demirbilek, 1987). More
recently, Said et al. (2021) developed an artificial intelligence model to predict the self-heating
index of coal using the proximate analysis data. The AI-predicted results were validated after
compared with those generated by MLR (multi-linear regression) and actual experiment results.
The partial derivatives of the liability index to fixed carbon are all negative, showing the inhibiting
effect of fixed carbon on CSC.
Ash content
Several experimental or theoretical attempts have studied the effect of ash content on CSC
propensity. For example, Smith et al. (1988) determined minimum self-heating temperature for
coal samples with different ash content and showed that a rise in ash content lowered the time for
coals to reach 150°C. In their study, different types of mineral and inorganic constitutes were added
to coal samples to modify the ash content (Smith, Miron, and Lazzara, 1988). The role of ash
content on CSC was also studied by testing sub-bituminous coal using an adiabatic experimental
method. The tested coal samples featured R70 indices from 1.69 to 16.22 °C/h, with ash content
from 9.8 to 62.2%, dry basis. The decreased R70 index was ascribed to the ash content acting as a
heat sink in the coal (Beamish and Blazak, 2005). Later, the study on the role of ash content, in
terms of heat sink effect, was extended to thermaldynamic study. The thermodynamic theory
enables generating the R70 indices based on the heat sink effect. Even though close to the measured
R70 indices, the calculated values were always greater (Figure 2.6). They postulated that this
discrepancy could be explained that ash content had additional effects on CSC by moderating the
chemical reaction between coal and oxygen (B. Basil Beamish and Arisoy, 2008).
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Figure 2.6 Relationship between simulated and mineral matter using test results (Beamish and
Blazak, 2005)

Particle size
According to Chen et al. (1999), there is a positive correlation between coal’s active surface
area available for reaction and its oxidation rate. In other words, coals of greater particle size have
a relatively small surface area and produce less heat within the unit volume of coal. Therefore,
particle size distribution affects the spontaneous combustion of coal in terms of total surface area.
Although extensive research has been carried out to study the effect of particle size on CSC
susceptibility, the mechanism behind it is not comprehensively understood.
To understand the moderating effect of particle size on the coal self-heating, it is imperative
to illustrate the three regimes of coal-oxygen reaction (Beshty, 1978; Karsner and Perlmutter,
1981), i.e., chemically controlled, chemically and pore-diffusion controlled, and external-diffusion
controlled regimes. For the chemically controlled regime, the oxygen penetrates easily and directly
into the coal particle’s interior during low-temperature oxidation. As for the chemically and porediffusion controlled regime, a portion of oxygen reaches the center of the coal particle, and a
concentration gradient of oxygen exists within the particle. There, the pore diffusion and chemical
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reaction have a combinatory effect on the reaction rate. For the external-diffusion controlled
regime, the oxygen concentration at the interior or exterior of coal particles is close to zero when
high-temperature combustion occurs. .

Figure 2.7 Apparatus for investigating the ignition of coal dust deposits on a hot plate (Li et al., 2020)

Many experimental attempts have been made to explore the particle size effect on CSC. Li
(2020) tested coal dust layers with three size ranges to analyze the influence of particle size on
coal combustion and smoldering behavior (Figure 2.7). This study considered several parameters
to characterize the CSC, including the minimum ignition temperature of the dust layer (MITL),
the highest temperature in a layer (HTL), ignition delay time (IDT), and heat rates. The results
revealed that when the particle size was increased, the MITL and IDT tended to increase, and HTL
and heat rates reduced significantly. Furthermore, finer coal dust featured a substantial number of
particles and a larger total specific surface area. This feature promoted greater contact with oxygen
and thus resulted in a more intensive oxidation reaction
Similar experiments were carried out by Ren et al. (1999). They used an adiabatic experiment
to measure the initial rate of heating (IRR) and total temperature rise (TTR) of 18 types of coals
with varying sizes and ranked their spontaneous combustion liability. It was shown that the
discrepancy in behavior between coal samples with size range 75-150µm and 150-212µm was not
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significant, except that the finer particles were slightly more reactive at the initial stage. However,
coal samples finer than 75µm demonstrated greater reaction rate during the experiments. Akgün
and Arisoy (1994) established a large-scale cylindrical experimental setup (3m in length and 0.3m
in diameter) to assess the particle size effect on the spontaneous combustion of coal stockpiles. At
the critical range of particle size, the coal stockpile underwent the highest oxidation rate, and the
oxidation regime changed from chemical to pore diffusion at successively higher temperatures.
The WOP (wet oxidation potential) index of coal, determined by an electrochemical experiment,
was found to have a close relationship with cross-point temperature (Ray, Panigrahi, and Varma,
2014). Recently, this method was extended to study the effects of particle size and specific surface
area (SSA) on the CSC and to analyze the underlying mechanism. Coal samples at different size
classes, i.e., <38, 38-74, 74-212, 212-425, and 425-850µm, were prepared and the specific surface
area was determined by Microtrac S3500 Particle Size Analyzer (Figure 2.8). The critical particle
size range was found to be 38-74µm, below which no increase in the oxidation rate was observed
with a decrease in particle size. Besides, when the mean particle size (d50) decreased from
802.38µm to <38µm, the specific surface area increased from 0.008cm2/g to 0.332 ± 0.052 cm2/g.
This reflects that decreased particle size caused an increase in the exposed surface area and
indirectly enhanced the coal self-heating (Mishra, 2022). The critical particle size was also
reported in other research (Carpenter and Sergent, 1966; Palmer et al., 1990). However, a
discrepancy exists between the reported critical particle size. Overall, the collective results of these
studies showed that the critical particle size is dependent on the different experimental conditions
and coal rankings.
Porosity
The pore structure of coal significantly affects of oxidation characteristics of coal. The
consensus is that the specific area of coal is increased with increasing the coal porosity, resulting
in more active sites for the oxidation reaction. Coal features complex pore structure and different
characterization techniques i.e., gas adsorption, helium and mercury displacement, and mercury
porosimeter, were used to study the nature of several coals’ porosity. It was reported that in lowrank coal, the porosity was primarily composed of macropores, whereas in higher-rank coals, it
was mainly microporosity (Gan, Nandi, and Walker, 1972). Walker (1981) measured the specific
surface area of coal with N2 and CO2 (Figure 2.9). The CO2-measured specific area was always
greater than that of O2, thus coals exhibited molecular sieve behavior to gases. It was also found
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Figure 2.8 Comparison of D50 and specific surface area of coal (Mishra, 2022)

that the maximum surface area was observed within higher-ranking coals, which featured the
highest carbon content. As the carbon content decreased, the surface area flattened and then
increased for lower-rank coals. The propensity of CSC decreases when the coal rank increases, but
the maximum specific surface area was detected ironically within high-rank coal. It could be
postulated that porosity effect on CSC is not only determined by its surface area, but also by the
physical and chemical characteristics of the microstructure.
2.2.2 Extrinsic factors
Extrinsic moisture
Besides intrinsic moisture, extrinsic moisture also influences the CSC of low-rank coal. Lowrank coals always feature high moisture content. If it is directly used for power generation, a
significant amount of heat will be consumed for evaporating the intrinsic moisture content. Thus,
drying of low-rank is imperative before being processed to meet industrial needs. Moisture
removal could cause the collapse of the colloidal gel-like structure reported in low-rank coals and
make it more susceptible to absorbing extrinsic moisture (Evans, 1973; Harris, 1992; Fei et al.,
2009).
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Figure 2.9 Variation of N2 andCO2 surface areas of coals with carbon content ◦ for N2, ■ for CO2

(Walker, 1981)
In the earlier literature, David and Byrne (1924) reported that some dry coal samples had
minimal temperature rise at 30°C when dry oxygen was passed through, but would eventually
catch fire when saturated oxygen was used. It was assumed that oxidation heat in this temperature
range is minimal compared to the condensation heat released by water vapor. Due to extreme
conditions used in the above experiment (complete dryness and wetness of coal and air/oxygen),
Bhattacharyya carried out an improved experiment, in which different types of coal were exposed
to relative humidity of 0, 43, 75, 80, and 100%. They observed that the heat release rate in higher
relative humidity experiments was always greater than in dry experiments (Bhattacharyya, 1971).
The interaction of coal and extrinsic moisture was also studied in terms of oxygen consumption
and product formation by a mathematical approach built upon the reaction-diffusion hypothesis.
This theoretical research revealed two competing effects of extrinsic moisture on CSC. On the one
hand, the oxidation reaction within certain porous structures became negligible after being filled
with condensed water. On the other hand, the release of wetting condensation heat raised particle
temperature and enhanced the oxidation rate in the dry region. The overall effect of extrinsic
moisture was assumed to be dependent on the relative magnitude of its two competing roles (Bhat
and Agarwal, 1996).
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Figure 2.10 Crossing point temperature during coal oxidation with dry air and air of 30, 60, 90, and
100% relative humidity (Ma and Qin, 2019)

Under the assumption of extrinsic moisture’s dual role during low-rank coal’s self-heating
process, different types of experimental/theoretical studies were carried out to explore the
relationship between CSC and environmental moisture. Ma and Qin (2019) used a non-isothermal
experiment to test gas-fat coal (sub-bituminous) under varying relative humidity (dry, 30, 60, and
100%). The cross-point temperature (CPT) and main oxidation products were measured, and the
thermal characteristics of coal were analyzed using the TG-DSC technique (thermogravimetry and
differential scanning calorimeter). The results indicated that under saturated conditions (100%
humidity), the coal sample had the lowest CPT (Figure 2.10), and yielded the highest concentration
of CO, C2H4 at the same temperature. The TG-DSC thermal analysis showed that at 100% relative
humidity, the maximum oxidation reaction rate was reached at a lower temperature. And this
accelerated reaction could be ascribed to the presence of water vapor.
However, the above conclusion should be cautioned after another type of sub-bituminous coal
was tested under adiabatic conditions. These samples underwent the highest oxidation reaction
with 70% relative humidity gas supply, other than 90% (Nugroho, Iman, and Saleh, 2008). The
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possible explanation for the varying conclusions is two-fold. First, it could be ascribed to the
different volumetric flow rates of oxygen (50 as opposed to 100 ml/min); secondly, two types of
sub-bituminous coal samples had different levels of intrinsic moisture content, resulting in a
different equilibrium of the coal and extrinsic environment (Clemens and Matheson, 1996).
In terms of the effect of extrinsic moisture, there is also considerable interest in the study of
wetting heat, i.e., the latent heat released during the condensation of humid air on the coal surface.
Then the wetting heat catalyzed the formation of carbon-oxygen groups, free radicals, and peroxy
complexes (Li et al., 2021). Apart from condensation heat, when water contacted the coal surface,
hydrophilic functional groups of the coal would be generated and release reaction heat. Pan et al
(2020) tested the characteristics of the heat of wetting with a high-precision C600 calorimetry. He
pointed out the wetting of coal was dependent on the amount of hydrophilic functional groups and
was favorable to a heat-storage environment. The original R70 experimental method has also been
used to explore the effect of wetting heat. Wang (2018) tested coal samples from the western U.S.
and south America by exposing them to environments with different relative humidity levels. The
experiments showed that the moisture condensation played an essential role in initiating the
spontaneous combustion of coal.
From the results of previous studies, the extrinsic moisture may accelerate or impede the
coal’s self-heating process. The general role of extrinsic moisture is dependent on the coal’s selfheating propensity and the condition of the experiments. To unveil the underlying mechanism of
the extrinsic moisture-coal reaction, studies should transit to analyze the energy generation and
consumption during the self-heating of coal.
Aging effect
The aging effect describes the changes in the coal’s self-heating propensity due to exposure
to air and pre-oxidation. This phenomenon could also affect the physical and chemical properties
of coal. Several experimental studies have been carried out to evaluate the aging effect.
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Beamish et al (2000) prepared a large coal lump from the working face and made 11 replicas
of ground coal samples. The aging effect was analyzed by the R70 index of coal. The R70 was
determined by calculating the average hourly temperature increase from 40oC to 70oC. They
noticed a continuous drop in the R70 value as the aging period increased, which confirmed the preoxidation effect. According to the repeated tests, the following equation was proposed to describe
𝑅70 (𝑡) = 𝑎 ∗ 𝑏 𝑡

(2-1)

the relationship between the R70 index and the waiting time of the adiabatic test after the excavation,
in which a is the R70 value of fresh coal, and b is the constant determined by the storage method,
period, and particle size.
Ren et al (1999) reported a similar study using a pseudo-adiabatic experiment, in which saturated
oxygen was induced. After the first run, the coal samples were dried under oxygen-free nitrogen
for 24 hours and the pre-oxidation effect was studied by the re-testing. It showed that with saturated
oxygen, the pre-oxidized coals had a greater initial rate of heating, but a lower total temperature
rise, indicating lower reactivity. It was concluded that the aging effect had a strong influence on
the oxidation rate of freshly mined coal particles. As the exposure time got longer, the more active
surface could be consumed, resulting in a lower oxidation rate.
2.3 Experimental Techniques
Many studies have been carried out to predict the self-heating characteristics of coal using
varying experimental techniques. As summarized in Table 2.2, these experimental methods are
primarily designed focusing on chemical constituents, oxygen avidity, or thermal characteristics
to study CSC. Interestingly, specific regions in the world accept certain experimental approach to
investigate CSC. For example, the cross-point temperature is the primary criterion for China,
Poland, Turkey, and South Africa, the DTA/TGA technique is widely used in South Asia and
South Africa, USA, Australia, and UK mainly use isothermal and adiabatic methods, the Olpinski
index is the primary indicator used in Russia. Due to the technical limitations, the representative
experimental techniques, including non-isothermal method (CPT), adiabatic self-method, thermaldynamic technique, and index gas method will be emphasized in the following sections.
Adiabatic calorimetric method
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The calorimetric study comprises of adiabatic method and isothermal method, among which
the adiabatic method is more widely employed. The adiabatic calorimetric method, also called the
R70 method, is primarily used in Australia and the United States. In the standard R70 method, a coal
sample is placed into an adiabatic reaction vessel; therefore, all the heat generated from coal
oxidation is used to prompt the self-heating process (ideally). The temperature increment of the
coal sample is recorded within an adiabatic environment, either achieved by an oil bath (Ren,
Edwards, and Clarke, 1999) or an adiabatic oven (Vance, Chen and Scott, 1996). It is worth noting
that maintaining a truly adiabatic environment is difficult because the oxidation heat in the early
stage of the coal self-heating process is limited and can easily be dissipated to the environment.
By setting the environment temperature equal to that of the coal samples in the reaction vessel, a
pseudo-adiabatic testing environment is established and maintained thereafter. Previous studies
showed that the R70 test can very well simulate the initial stage of the coal self-heating process
under in situ conditions (Davis and Byrne, 1924; Humphreys, Rowlands and Cudmore, 1981).
Table 2.2 Different test methods to identify coal spontaneous combustion propensity (Banerjee, 2000)
Chemical Constituents

Oxygen Avidity Studies

Thermal Studies

Proximate analysis

Peroxy complex analysis

Initial temperature

Ultimate analysis

Oxidation rate studies

Cross-point temperature (CPT)

Petrography study

Russian u index

Ignition point temperature

Mineral matter study

Wet oxidation potential

Modified CPT

Nuclear magnetic resonance (NMR)

Rate study or kinetic study

Adiabatic R70

Infrared/Fourier transform infrared

Isothermal calorimetric

spectroscopy (IR/FTIR)
Gas chromatography-mass

Critical air blast

spectrometry (GCMS)
Gas chromatography (GC)

Basket heating testing
Olpinski index
Differential thermal analysis-DTA
Differential scanning calorimetry-DSC
Thermo-gravimetric -TGA
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The R70 method was not widely used in the first several decades because of the difficulty to
achieve accurate results. Nowadays, the experimental procedure is standardized to enable all the
tests conducted under the same conditions. Beamish (2000) proposed an adiabatic testing
procedure that has been adapted by researchers as the standard. R70 index indicates the average
hourly temperature increment of coal between 40°C and 70°C and can be used to assess the risk
of spontaneous combustion for various coal types, based on the ranking criteria reported by
Beamish and Arisoy (2008). This experiment was used to study many factors pertinent to CSC,
such as the aging effect (Beamish, Barakat and St. George, 2000), ash (Beamish and Blazak, 2005),
and pyrite content (Arisoy and Beamish, 2015a). Furthermore, the temperature curve generated
from the experiment can generate key parameters to predict the coal’s liability of self-heating, such
as the rate of temperature rise, kinetic constants of coal, and the ignition temperature (Ren,
Edwards, and Clarke, 1999; Arisoy and Beamish, 2015b). A typical curve of the R70 test is shown
in Figure 2.11. The R70 index is defined as the hourly temperature increasing rate from 40°C to
70°C.

Figure 2.11 R70 curve of New Vale coal sample (Beamish, Barakat and St. George, 2000)

Due to the significant influence of moisture content and air humidity on coal’s self-heating process
has drawn the interest of many researchers and the original R70 method has been modified to
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conduct the relevant research (Chen and Stott, 1993; Wang, Luo, and Vieira, 2018; Luo and Zhang,
2021).
Table 2.2 Spontaneous Combustion Propensity Ranking Criteria (Beamish and Arisoy, 2008)
ISCP Class

R70 value (°C/h)

Propensity rating

Propensity rating New

Queensland

South Wales

I

R70 < 0.5

Low (L)

Low (L)

II

0.5≤ R70 < 1

Medium (M)

Low-medium (LM)

III

1≤ R70 < 2

High(H)

Medium (M)

IV

2≤ R70 < 4

Very high (VH)

High (H)

V

4≤ R70 < 8

Ultra high (UH)

Very high (VH)

VI

8≤ R70 < 16

Extremely high (EH)

Ultra high (UH)

VII

16≤ R70

Exceptionally high (XH)

Extremely high (EH)

Cross point temperature (CPT)
The CPT risk assessment index is widely used in China, India, South Africa, Turkey, and
Poland to assess the propensity of CSC. It is known that the coal oxidation accelerates under proper
conditions. The coal samples are oxidized either under a constant temperature or at a programmed
heating rate. The temperature at which the coal temperature exceeds the environment temperature
is determined as the cross point temperature. Nubling and Wanner (1915) first reported this
experiment and they used an oil bath to heat the coal bed under a constant heating rate.
Subsequently, different types of coal were studied by a series of modified studies, in which
the reaction environment, the heating bath, or the coal reaction vessel were altered (Moreland,
Patrick, and Walker, 1988; Chen and Chong, 1998; Küçük, Kadıoğlu, and Gülaboğlu, 2003). The
value of the CPT of the coal is dependent on the experimental conditions. Bagchi proposed that
the 0.5°C/min heating rate with the 80 ml/min humid air flow rate was the optimal experimental
parameter for the 20g coal samples (Bagchi, 1965). However, due to the volume of the coal sample,
the temperature distribution across the sample pan was not stationary, causing an off-center hotspot.
It was also found that when testing the coals with high moisture content, this method yielded
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inaccurate results. Banerjee et al (1972) improved this experiment setup by combining the
temperature increase rate index and CPT. Nandy (1972) suggested that the CPT would decrease
when the volatile matter, oxygen content, and moisture content increased. This conclusion was
later disputed by Kadioğlu and Varamaz (2003), who reported that the CPT value rose with the
increasing particle size and moisture content. Mandal et al (2006) suggested that the coal sample’s
propensity to self-heating would decrease, indicated by the increased CPT with some inhibitor. Qi
et al (2011) studied the effect of sulfur components in coal on CSC with CPT index. They
concluded that the sulfur component enhanced the coal oxidation under moist and oxygen-rich
conditions but inhibited the oxidation reaction under dry and low-temperature environments. CPT
index was also implemented to evaluate the effect of moisture in the air (Ma and Qin, 2019).
The issues of uncertainty and reproducibility associated with the CPT experiment may be
ascribed to the experimental conditions which are difficult to standardize, i.e., the air flow
temperature, rate, and direction passing through the coal, the design of the sample pan, and the
packing pattern of the sample. However, despite the difficulties documented above, the CPT
method continues to be a widely used experiment technique dues to its low cost and simplicity.
Thermal analysis method
The thermal analysis methods include differential thermal analysis (DTA), differential
scanning calorimetry (DSC), and thermogravimetric analysis (TGA). For the DTA technique, a
small specimen is subject to a constant heating rate. The inert reference material is identically
heated and the instantaneous differential temperature between the sample and the reference is
recorded, as a function of the environment temperature. The resultant curve reflects the physical
and chemical changes of the sample and is a characteristic of the tested material. Differential
scanning calorimetry (DSC) is a method that depicts the difference in energy inputs between the
sample material and the reference material as a function of temperature. In this method, the
differential energy measured in the sample as opposed to the reference material is a direct
reflection of the physical/chemical transformation undergone by the sample. As for the
thermogravimetric analysis (TGA), this technique measures the loss of sample mass at different
temperatures. In a TGA test, a given mass (10-15mg) of the sample is heated via a programmable
heating process and the weight loss at different temperatures is recorded. Figure 2.12 shows a
typical TGA curve, within which the derivative of the TGA curve is termed as differential
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thermogravimetric curve (DTG). A typical TGA curve of coal consists of three sections, based on
the changing patterns of the sample weight. The weight loss in the first stage occurs due to moisture
evaporation, followed by the secondary stage’s weight increment. This weight-gaining process is
ascribed to the formation of coal-oxygen complexes over the coal surface and is the most important
stage for evaluating the CSC propensity. Avila (2012) claimed that coals with less weight gain had
lower ignition temperature and greater potential for self-heating, while Wang (2014) suggested a
contradictory conclusion after comparing the coal’s R70 index with the weight gain data. In the
third stage of the TGA curve, the specimen starts combusting and the weight decreases rapidly,
and this process ends when the coal has completely consumed its combustibles.
Several research attempted to implement the TGA technique to unveil the mechanism of CSC.
The earliest contributors to this subject are Ciuryla and Welmar (1979). The samples were heated
up to 1000°C with different heating rates. Their experiment indicated that the maximum rate of
devolatilization increased with the heating rate for all coals. TGA technique is mainly used to
determine the kinetic characteristic of coal. Kinetic parameters, i.e. activation energy (E) and preexponential factor (A), which are essential to determining coal’s oxidation rate, can also be
obtained after some specific processing of TGA data (Wang, 2014). Using a specially designed
testing procedure, the proximate analysis of coal can also be conducted and subsequently, the coal
rank can be determined using the TGA testing procedure. Güneş (2005) heated 12 types of coal
samples at the 20°C/min heating rate from a temperature range between 140 and 900 °C with a
250ml/min volumetric flow rate of Nitrogen. A kinetic model that depicted the mass loss under
the pyrolysis condition was developed. The TGA data curve was then compared with the curve
predicted by the proposed model, which was proved to provide quantitatively satisfactory data in
terms of the devolatilization behavior of Turkish coals. A series of research reported by different
researchers showed that when applying TGA test under different experimental conditions, the
conclusions vary significantly. This means there is no consensus on the standard experimental
parameters in TGA test, and the results of two separate samples determined by two experimental
conditions will not be suitable for direct comparison.
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Figure 2.12 TGA and DTG Curve of Coal Sample (Mohalik, Lester, and Lowndes, 2017)

Gas chromatography method
Predicting the stage of CSC by index gases is one of the most fundamental forecasting
techniques used in practice. When the coal self-heating progresses, the liberation of gaseous
products such as CO, CO2, H2, CH4, and some other saturated/unsaturated hygro-carbon has been
repeatedly demonstrated by many researchers (Lu et al., 2004; Hitchcock, Cliff, and Beamish,
2008). Tube bundle system (TBS) and telemetric system (TS) are two practically used gas monitor
systems applied in the coal mines, while GC complements the gas detecting system by providing
a comprehensive analysis of key gas components that are not monitored by TS. These critical index
gases include ethane (C2H6), ethylene (C2H4), ethyne (C2H2), and propane (C3H8), typically
released when coal’s temperature increases beyond the ambient range.
Different countries apply different methodologies in terms of index gas to monitor CSC (Table
2.3). It is shown that carbon monoxide (CO) is more widely used as an index than other gases. Gas
ratios are also used as complementary indices of coal combustion, indicating that using the
absolute concentration of single index gas may face challenges in practice. The possible limitations
of a single gas index system include:
1. Index gas concentrations may be below the detection limit because of air stream dilution.
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2. Possible contaminations from other sources (seam gases or vehicle emissions)
3. The intensity of the self-heating process is not quantified or indicated
To overcome the above problems, the combinations of air velocity or/and gas concentrations
are introduced by various researchers and mostly used composite gas indicators include Young’s
Ratio, Morris Ratio, Justin-Kim Ratio etc (Justin and Kim, 1988; R, 1988; Cliff, Rowlands and
Sleeman, 1996).
Table 2.3 Summary of Index Gases of Coal Spontaneous Combustion
In Major Coal Producing Countries (Liang et al., 2019)
Country

Major Index Gas

Complementary Index Gas

China

CO, C2H4, C2H2

CO/ΔO2, C2H6/CH4

Australia

CO, H2

CO/ΔO2

US

CO, H2

CO/ΔO2

India

CO, CO/ΔO2

C/H

UK

CO, C2H4

CO, CO/ΔO2

Russia

CO

C/H

Japan

CO, C2H4

C2H6/CH4

Poland

CO

CO/ΔO2

German

CO

CO/ΔO2

France

CO

CO/ΔO2

2.4 Numerical Methods
The experiments to investigate coal’s intrinsic properties of self-heating always involves
many experimental instruments and consume lots of time, whereas numerical methods or
mathematical models can favor the research by reducing experiment time and unveiling the hidden
mechanism behind the experiment data. Many scientists have published relevant findings and
basically, all the empirical methods can be classified by the research object of the model, i.e., coal
stockpiles and lab-scale coal samples.
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2.4.1 Numerical study on coal stockpile
Similar to other porous object’s reaction, the coal stockpile is a mass consisting of porous coal
particles with heterogeneous distribution and gas which includes oxygen, water vapor, and gaseous
products of oxidation reaction (Fig 2.13). To summarize the numerical methods developed for coal
stockpile, the research will be classified based on the variables that impact the thermal behavior.
The critical variables include coal reactivity, compaction degree, wind, and stockpile geometry.

Figure 2.13 Schematic of coal stockpile self-heating process (Zhang et al., 2016)

Coal reactivity
A consensus is that low-rank coals feature higher propensity for spontaneous combustion than
high-rank coals. Coal reactivity is determined by various factors, and it is almost impossible to
consider all the impact factors in one numerical solution. Then the Arrhenius constants are
implemented to denote the reactivity of coal, since these parameters are determined by real
experiment data and to some extent reflect the intrinsic characteristic of the coal. Schmal, Duyzer,
and van Heuven (1985) developed a one-dimensional model based on the conservation of oxygen
mass, coal moisture, heat, and rate of oxidation reaction. The maximum temperature with respect
to pre-exponential factor is shown in Figure14. It is clear that the coal with greater pre-exponential
factor (B value) had the greatest increasing speed of the maximum temperature compared with
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other cases. The Arrhenius constants were also studied by Brooks and Glasser (1986), using a
simplified one-dimensional model. They found that the maximum temperature didn’t change
significantly with the pre-exponential factor. While the change in the activation energy could
easily impact the maximum temperature of the coal stockpile. Thus, the activation energy was a
more significant factor than the pre-exponential factor (Figure 2.15).
Compaction degree
The compactness of a coal stockpile can affect the self-heating liability in the following
aspects: 1) air flow and oxygen availability; 2) heat dissipation via the convection between coal
and air; 3) heat transfer via conduction between coals; 4) quantity of reactive material per unit
volume of the space (Schmal, Duyzer and van Heuven, 1985; Akgün and Essenhigh, 2001). To
categorize the extent of compaction, the compaction degree is introduced. For the compaction
degree of 0.1, it is regarded as densely compacted. While for 0.2 and 0.3, it is regarded as loosely
compacted or uncompacted (Moghtaderi, Dlugogorski and Kennedy, 2000). Most of the functions
of the compactness indicate that a densely packed coal stockpile restricts the coal from self-heating,
although it favors oxygen diffusion. However, according to the study, the availability of oxygen
has an overwhelming role over other factors, which means coal stockpiles with low porosities are
less prone to self-heating (Krishnaswamy, Agarwal and Gunn, 1996; H. Zhu et al., 2013).
By incorporating natural convection, Brooks and Glasser developed a one-dimensional model
(1986) investigating the effect of compactness on the coal stockpile’s self-heating. They observed
that compaction decreased the CSC liability for the stockpiles with finer coal particles. However,
compacting stockpiles with coarse coal particles could be detrimental. A possible elucidation of
this phenomenon was that having more reactive sites per unit bed volume for coarse coal
outweighed the effect of reduced oxygen ingress.
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Figure 2.14 Influence of pre-exponential factor on maximum temperature of dry stockpile

(Schmal, Duyzer and van Heuven, 1985)

Figure 2.15 Influence of coal reactivity on maximum temperature of coal stockpile (Brooks

and Glasser, 1986)
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Wind
Recently, more research interest is drawn to study the influence of wind due to the availability
of more commercial CFD modeling software. Wind serves two contradictory effects as a forced
convection. On the one hand, it introduces more oxygen by enhancing air flow. On the other hand,
the forced convection impedes the self-heating by carrying away the oxidation heat of coal.
While many researchers claimed that the hot spot located on the windward side of coal
stockpile, Taraba et al (2014) further explored the vertical movement of the hot spot with
numerical simulation (Figure 2.16) . When the self-heating initiated, the hot spot was located at
the top corner of windward side, and it gradually moved downward as the self-heating progressed.
A possible explanation was that the heat accumulation commenced to be at the bottom when
excessive heat was dissipated to the airflow at the top corner. The effect of wind with regards to
heat dissipation and maximum temperature is also investigated. Krishnaswamy et al (1996) made
a two-dimensional numerical model that incorporated the wind-driven convection. The simulated
result was in great qualitative agreement with physical tests that the maximum temperature
increased with wind velocity. The maximum temperature also tended to increase with increasing
wind velocity in the simulation carried out by Taraba et al (2014). Based on the experimental
measurements, Fierro et al (2004) modified the mathematical model developed by Schmal et al
(1985). The relationship between heat loss and wind velocity was studied. It was learned that
increased heat loss due to higher wind velocity was minimal, especially during low-temperature.
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Figure 2.16 Movement of hotspot within the pile at different

stages of spontaneous heating (Taraba et al., 2014)
Stockpile slope
While the slope affects the stockpile’s resistance to air flow and the wind characteristics
impact the self-heating of coal stockpile, numerical methods are also applied to study the slope’s
effect. In the two-dimensional model of Krishnaswamy (1996), it proved that for most stockpiles
with a compactness index under 0.3, a gentle slope could keep them from self-heating. But for the
stockpiles with a steep slope, all the compactness indices were not safe unless lower than 0.06.
Using the improved two-dimensional numerical model, Akgün and Essenhigh (2001) simulated
the self-heating development curve of coal stockpile with different slopes (Figure 2.17). They also
found that the slope angle was a critical factor. As the slope increased, the time to reach thermal
runaway decreased considerably. An exceptional result was claimed by Zhu et al (2013). They
numerically studied the self-ignition characteristics of coarse coal stockpiles with COMSOL
multiphysics software. The results appeared that the effect of slope angle on the thermal runaway
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time was minimal. A possible elucidation was that the greater diameter of coal secured the
permeability of oxygen and the slope had little to do with the oxygen ingress.

Figure 2.17 Influence of stockpile slope on the maximum temperature (Akgün and Essenhigh, 2001)

The coal’s self-heating process involves many variables, especially it is naturally a mixture
of physical and chemical reactions. Therefore, not only physical properties such as the presence of
moisture content, pyrite, and volatile matter but also chemical variables such as kinetic factors,
must be taken into consideration when developing a simulation model. However, most models are
built upon excessive assumptions, and this makes the predicted self-heating behavior of coal
stockpiles questionable. The results are less reliable under extreme conditions.
2.4.2 Lab-scale numerical study
The self-heating process of coal is determined by many factors. Many numerical models have
been developed to assess the self-heating liability of coal and to investigate the affecting factors.
Bhat and Agarwal (1996) developed a mathematical model to investigate the influence of
moisture condensation on CSC by assuming a pseudo-steady-state balance of moisture and oxygen
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for a single isothermal particle. The results of this modeling effort revealed the competing impacts
of moisture condensation. On one hand, coal surface moisture hinders the oxygen’s access to the
active site and therefore slows down the self-heating. On the other hand, the released heat during
condensation helps initiating the self-heating of coal. To give an insight into the heat of rewetting,
Wang et al (2018) proposed a numerical model based on the moist R70 test. This model enables
generating a complete self-heating curve of coal samples with varying inherent moisture content
under different humidity conditions. The results showed that moisture content and air humidity are
both favoring factors for coal self-heating.
Arisoy and Akgün (1993) developed a one-dimensional mathematical model by dividing the
intrinsic moisture into the gaseous phase and solid phase. In this model, they described the rate of
evaporation or condensation as a function of particle size and this enabled them to explore the
particle size effect. The reaction regime was determined by defining a particle-size-coefficient in
the equation. They observed that the oxidation regime transmitted from chemically controlled to
pore-diffusion controlled as the temperature increased. And an increase in particle size would
decrease the maximum temperature during the self-heating process. Arisoy and Beamish (2015a)
tested the accelerating effect of pyrite on coal self-heating in an adiabatic oven. The experimental
results were applied to develop a mathematical model. This model revealed the mutual effects of
moisture and pyrite that pyrite reaction would consume moisture, creating an additional drying
effect. Unlike the normal evaporation process, this moisture-removal was not accompanied by heat
consumption and could significantly accelerate the self-ignition of coal. The catalytic effect of
pyrite was also mentioned in Wang and Luo’s mathematical model (Wang and Luo, 2014). Chen
et al (2021) observed the heat and mass transfer during coal self-heating in a large cylindrical
reaction barrel with COMSOL software. A one-dimensional numerical model was established by
accounting the thermal buoyancy, generation, and consumption. The results showed that the initial
hot spot was located in the less compact area and gradually moved to the air-supply areas when
the oxidation intensified.
The above numerical models share the same drawbacks as mathematical models for the coal
stockpile. Although they give some insights into the coal’s oxidation process, accurate and reliable
values of many parameters are imperative for the model to generate trustable results. Furthermore,
some key factors are always overly simplified (Onifade and Genc, 2020).
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2.5 Summary and Conclusion
Low-rank coal self-heating involves complex physical and chemical reactions. To employ
effective preventative measures for low-rank coal self-heating, it is imperative to understand its
initiation mechanism. Both experimental and theoretical studies should be conducted to identify
and quantify the most influential factors that moderate the oxidation reaction of coal. Of all
determining factors, moisture and particle size are the most critical variables. While previous
research mostly focused on the qualitative relationship between these factors and the CSC
propensity, current study focuses on the quantification of the initiating effect of moisture, along
with the quantitative analysis of the combinatory effect of moisture and particle at different stages
of coal self-heating.
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Chapter 3 Improved R70 Method for Evaluating Heat of Wetting
Effects on Low-Rank Coal’s Self-Heating Process
ABSTRACT
Most of the reported coal spontaneous combustion events occur in surface and underground
mines where low-rank coals (i.e., subbituminous and lower for this study) are extracted indicating
their high propensities for spontaneous combustion. Low-rank coals have high moisture content
(15 to 45%) and are capable of absorbing more moisture in dry conditions. However, it is hard to
induce the initial stage of self-heating process for low-rank coal using the current laboratory R70
testing method – a method widely used in the coal industry.
Like a sponge, dry low rank coals can absorb water vapor in the air while the heat contained
in the moist air is transferred to coal and served as the required activation energy to initiate the
coal self-heating process. To prove this theorem and quantify the effects, the R70 adiabatic
oxidation testing method has been improved to introduce a controlled moist flow into the coal
reaction vessel. Tests using the new method and its setup on low-rank coals showed that the initial
self-heating process of the coal sample can be greatly accelerated by the added water vapor impossible with the regular R70 method. Once the self-heating is sustained, the removal of air
moisture can further accelerate the process.

Keywords: R70; heat of wetting; low-rank coal; self-heating

(Note: This chapter was largely derived from the following publication and has been reformatted
to departmental guidelines: Luo Y, Zhang YN. Improved R70 Method for Evaluating Heat of
Wetting Effects on Low Rank Coal’s Self-heating Process. Mining, Metallurgy & Exploration.
Springer; 2021: 2367–2374)
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3.1 Introduction
3.1.1 Role of moisture in self-heating of coal
Low-rank coals account for nearly half of the global coal reserve (Chen, 2008) and are mainly
used for electricity generation. Although featured with low heating value and high spontaneous
combustion propensity, low-rank coals will still be widely used because of their abundance and
low cost. For the safe production of low-rank coals, a good understanding of intrinsic and extrinsic
factors affecting the self-heating process can help the mitigation efforts for potential coal
spontaneous combustion events. Though moisture content plays an important role in affecting
coal’s self-heating process, the mechanism for air moisture to induce the coals’ self-heating
process has not been fully understood.
Many researchers have published their studies regarding this topic. Kodioglu and Varamaz
(2003) performed experiments over moisten lignite after being air-dried for varying time. They
found that coal samples being dried for a longer time are more prone to self-heating, or their
propensity for self-heating increases with less remaining moisture. Beamish and Hamilton (2005)
published their similar findings after testing Callide coal with adiabatic experimental method. The
R70 index, the average temperature increment of the tested coal per hour from 40 ⁰C to 70 ⁰C,
decreased when dry coal samples’ moisture was progressively increased. However, frequent
contrary references have been made by many investigators, i.e. moisture in air favors coal’s selfheating process. Ma and Qin (2019) tested coal’s susceptibility to self-heating in air with different
relative humidity levels (dry, 30%, 60%, and 100%). They concluded that the maximum rate of
coal oxidation was reached at a lower temperature and the presence of water vapor accelerated
coal oxidation. Hodges and Hinsley (1964) claimed that dry coal spontaneously combusted at 30°
C when exposed to moist oxygen, while the temperature of the same coal only rose a little when
using dry oxygen. In addition, Beamish and Theiler (2019) attribute that the evaporation of coal’s
inherent moisture content in the early stage of self-heating process allows an incubation period.
During this incubation period, the coal’s inherent moisture could prolong the time before thermal
runaway. This incubation period is crucial to managing coal spontaneous combustion in longwall
mining and during stockpiling and ocean transport.
3.1.2 Adiabatic Experiment Method
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The adiabatic experiment method for studying the liability of coal to self-heating was first
used by Davis and Byrne (1924). This test is conducted under adiabatic conditions so that the heat
generated by coal’s oxidation process is solely and entirely used for its self-heating process. The
temperature increment of the coal sample is monitored within an adiabatic environment which is
achieved by an oil bath (Ren, Edwards and Clarke, 1999) or adiabatic oven (Vance, Chen and
Scott, 1996). It should be noted that it is hard to maintain a true adiabatic environment, especially
in the early stage of spontaneous combustion when the oxidation heat is very small and easily
consumed by the surroundings. A pseudo-adiabatic environment is created by means of preventing
the heat exchange between the oxidizing coal and its environment.
However, this experiment was not widely used in the first several decades because of the
difficulty to achieve accurate results. Nowadays the experimental procedures have been
standardized to enable all the tests conducted under the same conditions. Beamish, Barakat, and
George (2000) proposed an adiabatic testing procedure that has been adapted by researchers as the
standard. Nugroho (2008) used the adiabatic oxidation method to evaluate the effect of relative
humidity in gas supply on the self-heating characteristics of sub-bituminous coal from Indonesia.
Research works have discovered the effect of heat of wetting on coal’s self-heating using
adiabatic experiment and other experimental methods (C. Wang and Li 2013; Wang, Luo, and
Vieira 2018). But most are qualitative investigations with little quantitative research. In this paper,
the adiabatic experiment method has been improved to study the effects of water vapor in the inlet
oxygen to prompt coal’s self-heating process in the early stage and its effect when the self-heating
is well under way.
3.2 Laboratory Experiment
About 10 pounds of coal sample was obtained from a coal mine in Xinjiang Province, China
– a coal field knowingly with serious spontaneous combustion problems. Due to its high reactive
nature the coal samples were vacuum sealed with preservative film to avoid significant degradation
during transportation to our laboratory. Thermogravimetric analysis (TGA) tests have performed
to characterize the coal samples using the proximate analysis procedure recommended by TA
Instruments (No. TA-129). The average moisture, volatile matter, fixed carbon and ash contents
of the tested samples are 11.7%, 21.5%, 54.8% and 12.0% by weight, respectively. After
converting to ash-free basis, the moisture, volatile matter and fixed carbon contents are 13.3%,
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24.6% and 62%, respectively. Based on the ranking method proposed by Ward and Suárez-Ruiz
(2008), the coal can be best classified as high volatile bituminous C or subbituminous. – with high
propensity for spontaneous combustion. To perform the R70 tests, the coal lumps were uncovered
and crushed right before each experiment.
3.2.1 Experiment setup
For each test, 150 g coal particles were placed into the reaction vessel located inside a
temperature-controlled oven. During the tests, temperatures of both coal sample and the oven were
measured simultaneously. The oven temperature was constantly adjusted to match that of the coal
sample. Due to such thermal equilibrium, no heat transfer occurs between the oven and coal sample
so that the required pseudo-adiabatic testing environment is maintained.
As shown in Figure 3.1, the inlet gas, passing through a long-coiled copper tube before
entering the reaction vessel, is heated to the coal temperature so no heat exchange occurs between
the inlet gas and the coal.

Figure 3.1 Improved Adiabatic Experiment Setup
3.2.2 Experiment procedure
Using the standard R70 test procedure, a 150-g coal sample, having been crushed to size <
212 μm, is dried at 110 oC with 150 ml/min nitrogen airflow for 12 hours. Then the coal sample is
gradually cooled to 40 oC with the same volumetric flow rate of nitrogen. Starting from that point,
100 ml/min of oxygen is fed into the reaction vessel for the subsequent testing while the coal
temperature-time data is recorded. The test could be terminated when the coal temperature
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continuously decreases for a long time or would not reach the required 70oC longer than an
acceptable duration (i.e., 40 hours) both showing the coal has a very low propensity for
spontaneous combustion. The test can also be terminated when the temperature is higher than
70oC and the oxidation reaction enters far beyond the thermal run-away stage indicated by very
high thermal gradient.
Different from the original adiabatic test setup, a vacuum trap, partially filled with water, is
added to the oxygen supply line between gas tank and adiabatic oven to introduce moisture to the
inlet oxygen before it enters the reaction vessel. The vacuum trap is placed in a temperaturecontrolled water-bath (Fig 3.1). As the constant oxygen flow passes through the water trap at a
specified temperature, it carries a certain amount of water vapor into the reaction vessel. For the
current studies, the water temperature is controlled to 20, 35 and 50°C, respectively - the higher
temperatures to be experienced in underground and surface coal mines. In order to study the
moisture effect after the initial self-heating stage, a series of water cutoff experiments have also
been conducted. In these tests, water bath was removed from the adiabatic experiment setup when
the coal temperature has reached 70°C and only dry oxygen is introduced into the reaction vessel
thereafter.
3.2.3 Specific humidity of inlet oxygen flow
An oxygen flow with a relatively high specific humidity brings much more heat content to
the coal than a dry oxygen flow – often required to initiate the self-heating process of coal. At a
given temperature, the specific humidity Ws is the ratio of actual weight of water per unit weight
of dry air over that at saturation state. In order to precisely determine the amount of heat carried
by the oxygen flow, the specific humidity in inlet oxygen should be determined. Though it is
known that higher temperature in the water bath produces higher moisture flow rate in the inlet
gas line, it is still difficult to determine the exact moisture flow rate theoretically.
For this research, the specific humidity at a given water bath temperature is determined
experimentally by measuring the water lost in the trap for a fixed test duration. Since the small
water lose and strong capillary effect are expected, photogrammetry method is used to determine
the water lose. In a test as shown in Figure 3.2, the water level difference after 5 hours of constant
oxygen flow (100 ml/min) at a constant water bath temperature is measured on the photos taken
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before and after the test. The amount of water lost to the oxygen flow and the specific humidity as
well as the other important psychrometric properties for a test can be determined based on the
precise readings from the photos. Three tests have been performed for water bath temperature
being set at 20°C, 35°C and 50°C, respectively at which the modified R70 tests are also performed.
The test results are listed in Table 3.1.

(a) Initial liquid level

(b) 5h liquid level

Figure 3.2 Setup of Actual Specific Humidity Determination Experiment
Table 3.1 Relative Humidity of Oxygen Flow

Water bath
temperature
(°C)

Water elevation
difference after
5 hrs (mm)

Specific
humidity

Heat flow rate
by dry oxygen

Heat flow rate by
water vapor

(kg/kg)

(J/min)

(J/min)

20

0.81

0.012

4.54

3.76

35

1.67

0.028

5.98

8.27

50

3.55

0.062

7.19

17.17

3.3 Adiabatic Tests and Results
To quantify the moisture effects on the self-heating of low-rank coal samples, three groups
of tests have been performed. The first group (one test) is a standard R70 test. The second group
includes three tests using the modified setup for the water bath temperature set at 20, 35, and 50°C,
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respectively during the entire test period. The third group also includes three tests with the water
temperature at 20, 35, and 50°C but the water bath is removed from the oxygen supply line after
the coal temperature reaches 70°C. In all tests, the oxygen flow rate is controlled at 100 ml/min.
3.3.1 Adiabatic self-heating analysis
The adiabatic testing results of the first and second groups are plotted in Figure 3.3. When
tested with dry oxygen, the coal temperature increased from 40 to about 50°C after about 12 hours
of testing. However, the temperature began to decrease gradually afterward indicating that the flux
of oxidation heat is small and less than that brought away by the exhaust air. Thermal runaway
could not be achieved using the regular adiabatic experiment method for this type of low-rank coal,
so the test was terminated after about 20 hours of testing. Using the standard testing procedure
could lead to an incorrect conclusion that the coal has a very low propensity which is contradictory
to the fact that the coal mines in the area have been facing serious spontaneous combustion
problems.
In the second group of tests, oxygen with controlled specific humidity is introduced into the
reaction vessel. The thermal runaway was achieved in each of the three experiments. The times
required for the coal temperature to rise from 40 to 70°C for tests with water bath temperatures
being 20, 35 and 50°C are 12.2, 9.1, and 8.2 hours respectively as shown in Table 2. The resulting
R70 indices for the three tests are 2.46, 3.29 and 3.66°C/h, respectively. Based on the intrinsic
spontaneous combustion propensity (ISCP) criteria proposed by Beamish and Arisoy (2008), the
R70 indices show that the tested coal samples are in ISCP class IV (2 ≤ R 70 <4) and have high to
very high propensity for spontaneous combustion – agreeing well with the reality and coal rank.
The experiments show that as the water bath temperature and the specific humidity increase
the time for the coal to reach 70°C become shorter. Thermal runaway appears to start when the
temperature reaches 90°C and the oxidation is accelerated considerably since. Apparently, the
moisture brought into the reaction vessel plays a significant role in prompting the self-heating
process of the tested coal samples in the early stage.
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Figure 3.3 Self-heating Curves of Coal Sample from Groups 1 and 2 Tests

Table 3.2 R70 for Different Temperature Water Bath experiments
Water Bath
Temperature (°C)

Time Consumed
to Reach 70°C (h)

R70 Index
(°C/h)

20

12.2

2.46

35

9.1

3.29

50

8.2

3.66

3.3.2 Heat of wetting
Comparing tests in groups 1 and 2, the mechanism for the added moisture to prompt the early
stage of the self-heating process should be explored. Based on the psychrometric principle, the
enthalpy of an air-water vapor mixture is the sum of the enthalpies contained in the dry air and
water vapor, respectively. For the improved R70 tests, the higher are the specific humidity in the
inlet oxygen and the oven temperature, the more heat is carried into the reaction vessel. Since the
oven is controlled to the same temperature as the coal in the reaction vessel all the time, the inlet
oxygen and the exhaust gases are in thermal equilibrium to ensure there is no physical heat
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exchange between the gases and the coal. The only heat exchange to the coal in this experimental
setup is the heat carried by the water vapor. This amount of heat exchange should be quantified
for understanding the spontaneous combustion mechanism of low rank coals. As water vapor in
the inlet oxygen meets the dry and porous coal, a part of the water vapor will condense on the
surface of coal particles. The condensation heat, also termed as the heat of wetting, raises the coal
temperature and accelerates the oxidation process in its early stage.
In order to quantify the contributed heat by the water vapor in the inlet oxygen flow to the
coal’s self-heating process, regression analysis is performed on the recorded coal (also oven)
temperature (T) – time (t) data for the full testing durations. It is found that the Bleasdale
exponential model (Eq.1) can fit the experiment data well.
1

𝑇(𝑡) = (𝑎 + 𝑏𝑡)−𝑐

°C

(3-1)

The determined coefficients for the three tests in group 2 are shown in Table 3. Plotting of
the regression curves in Figure 3.3 and the high values of r2 listed in Table 3 show that the resulting
regression equations match the three sets of experimental data well and can be used in the
subsequent analysis.
Table 3.3 Coefficients for Temperature-Time Regression Eq.1
Water-bath
Temperature (°C)

a

20

3.18E-05

35
50

c

r2

-3.26E-08

2.75

0.9991

2.78E-03

-3.12E-06

1.61

0.9995

1.15E-03

-1.61E-06

1.86

0.9996

b

The influx rate of heat carried by water vapor in the inlet oxygen flowing into the reaction
vessel is a function of the coal/oven temperature, specific humidity of moist oxygen and oxygen’s
mass flow rate. Using the regression equations (Eq.1 and coefficients in Table 3.3), the determined
specific humidity (Table 3.1) and the oxygen flow rate (100 ml/min), the cumulative heat entering
the reaction vessel up to a given oven/coal temperature can be calculated. Figure 3.4 shows the
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determined cumulative heat carried by the water vapor for the three tests in group 2. It shows that
when water bath is set at 50oC, the amount of cumulative heat carried by the water vapor at a given
coal temperature is always higher than those at lower water bath temperatures. As shown in Figure
3.3, the coal temperature of group 1 and group 2 tests linearly increased with time to around 50°
C. Therefore, it is reasonable to assume that the heat of wetting plays a more significant role than
the heat produced by the coal oxidation to raise the coal temperature up to this stage. At a given
time (t) of coal temperature (T), the heat flux of water vapor (𝐻̇ ) can be expressed by the following
equation.

Figure 3.4 Cumulative Heat Brought by Water Vapor at a Given Coal/Oven Temperature
𝐻̇ (𝑡) = 𝑤𝑚̇[𝑒 + 𝑑𝑇(𝑡)]

Btu/min

(3-2)

In Eq.2, w is specific humidity, 𝑚̇ is mass flow rate, e and d are the constants for latent and
sensible heats, respectively. Using Eq.2, the cumulative heat brought in by water vapor for a test
at time t or coal temperature T can be determined through integration. For example, the total heat
entering the reaction vessel for the three tests in group 2 at coal temperature of 50oC are 1.32, 2.53
and 5.27 Btu (1.39, 2.67 and 5.56 kJ), respectively. These amounts of cumulative heat are relatively
small in comparison to the calorific value of the 150-g coal sample, about 3,000 Btu (3,165 kJ).
According to previous research (Merrick, 1982), the specific heat of low rank coals (with 25%
volatile matter) increases with coal temperature and its value ranges from 1.136 to 1.165 kJ/Kg-K
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for temperature from 40 to 50°C and an average specific heat of 1.151 kJ/kg-K can be assumed.
If the heats carried in by water vapor in the three tests are fully utilized to heat the coal, they alone
without the coal’s oxidation heat, are able to raise the temperature of 150-g coal sample by 8.05,
15.5 and 32,2°C, respectively. Since the net coal temperature increase is only 10oC, the heat
carried by the water vapor are not fully utilized and the remaining amount of heat is discharged in
the exhaust air at least in the two tests conducted with water-bath temperatures at 35oC and 50oC.
Similarly, when the total heat carried by the water vapor is calculated to coal temperature of 70oC,
they are 2.76, 5.33 and 10.07 Btu (2.91, 5.62 and 10.62 kJ) for the three tests. If fully utilized, the
heats should be able to raise the coal temperature by 16.4, 31.8 and 60.0°C using an average
specific heat of 1.18 kJ/Kg-K in the temperature range of 40 to 70°C. Again, even without the
coal’s oxidation heat, only a fraction of the heats carried by the water vapor at least in the latter
two tests are used for prompting the self-heating process in the initial testing stage.
The analyses clearly show that as the water-bath temperature increases, more heat contained
in the water vapor is brought into the reaction vessel to prompt a faster oxidation process. But at
higher water-bath temperature, less percent of that heat is converted to heat of wetting through the
condensation process. However, because of the complex nature in condensation, heat exchange
and oxidation involved, future efforts will be made to quantify the heat of wetting from the total
heat carried by the water vapor in the inlet oxygen.
3.3.3 Water cutoff experiment
The three tests in group 3 are to study the moist effects on coal’s oxidation process after a
self-heating process has been well underway. In these tests, water bath is used to prompt the selfheating process initially and then water bath is removed from the experiments at the time the coal
temperature reached 70°C and dry oxygen is used afterwards. When a coal reaches the temperature
of 70°C, the oxidation process generally can sustain itself. The recorded temperature-time data in
group 3 are plotted in Figure 3.5 in addition to the results of three tests in group 2. It shows that
before the water-cutoff at 70°C the experiment data for all three tests agrees well with the tests in
the second group in which water bath was used throughout the process, confirming the
repeatability of the tests.
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After the inflow gas is switched to dry oxygen, the sample’s temperature increases faster than
the previous tests and takes less time to reach thermal runaway state and beyond. For example,
when the tests started with water bath setting at 50oC, both tests reach the temperature 70oC about
500 minutes after their start. However, after the water cutoff, it takes an additional 131 minutes
for the coal temperature to reach 167oC when the test is terminated. However, without water cutoff,
the coal temperature only reaches 120.6oC at the same time as shown in Figure 3.6. At the times
when the tests with water cutoff are terminated, the temperature differences are 46.4, 54.6 and
67.7oC for the pair of tests with and without water cutoff when the water bath is set at 20, 35 and
50oC, respectively. The differences are very significant indicating that the continued use of moist
oxygen after the initial self-heating process would considerably hinder the coal oxidation
afterwards.

Figure 3.5 Coal Sample Self-heating Process in Water Cutoff Experiment
In order to quantify the impacts of moisture on the self-heating process after the water cutoff,
the tests in group 2 and 3 after coal temperature reaching 70oC are plotted in Figure 3.6. The moist
impacts are evaluated by the differential cumulative heat (H) generated from the tests with and
without water cutoff for a common test time period.
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Figure 3.6 Regression Analysis of Coal Temperature vs Time after Water Cutoff
For more accurate determination of H, regression analysis is performed on each of the coal
temperature – time data sets from the six tests in groups 2 and 3 after 70°C has been reached shown
in Figure 3.6. The Bleasdale exponential model (Eq.3-1) is again selected and the determined
coefficients for the six tests are listed in Table 4.
The incremental amount of heat (dH) required to raise the temperature dT of a certain mass
(m) of coal sample is determined by Eq.3. Since all tests are terminated before coal temperature
reaches 200°C, the amount of coal being oxidized is still very insignificant and the coal mass (m)
can still be assumed unchanged during this duration.
𝑑𝐻 = 𝑚 𝛾(𝑇)𝑑𝑇
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kJ

(3-3)

Table 3.4 Effects of Water Cutoff
T - t Relation Coefficients

Test Condition
a

b

State 1

State 2

H

H
kJ

c

r2

t1

T1

t2

T2

kJ

20°C

1.41E-05 -1.44E-08

2.93

0.9809

700

70.0

907

109.3

7.82

35°C

6.04E-03 -6.63E-06

1.42

0.9914

589

70.0

755

124.4

9.95

50°C

4.14E-03 -5.68E-06

1.56

0.9924

500

70.0

631

120.6

9.98

20°C water cutoff

1.16E-06 -1.27E-09

3.57

0.9668

700

70.0

907

177.0 24.01

16.20

35°C water cutoff

1.27E-04 -1.63E-07

2.43

0.9723

587

70.0

755

179.0 19.65

9.70

50°C water cutoff

1.26E-05 -1.95E-08

2.98

0.9941

500

70.0

631

167.0 16.70

6.72

It should be noted that the specific heat of coal in Eq. 3, (T), is dependent on coal temperature
(T). Based on the work by Merrick (1982), for coal with a 25% volatile matter, the specific heat in
the temperature range between 0 and 200°C can be expressed by the following convex empirical
equation:
𝛾(𝑇) = −1.0 × 10−6 𝑇 2 + 0.003𝑇 + 1.0179

kJ/Kg-K

(3-4)

Based on Eq.1, Eq.3 can be changed to the following form so that integration can be
conducted with time (t) as independent variable.
𝑏

𝑑𝐻 = − 𝑐 𝑚 𝛾(𝑇)(𝑎 + 𝑏𝑡)−

1+𝑐
𝑐

𝑑𝑡

kJ

(3-5)

By integrating Eq.5 between time t1 and t2, the total heat required for a coal to raise its temperature
from T1 to T2 during the same time period can be determined.
For each of the tests in groups 2 and 3, the time to reach T1 = 70°C (t1) is recorded and listed
in Table 3.4. The times (t2) and temperatures (T2) at termination for the tests in group 3 are also
recorded. The corresponding temperatures for the three tests in group 2 at the termination times of
tests in group 3 are also listed in Table 3.4. Using these testing data and Eqs.3-4 and 3-5, the
55

amount of heat required to raise the coal temperature from T1 to T2 for each test is determined and
listed in Table 3.4. For example, the heats required for the pair of tests started with water bath
setting at 50°C with and without water cutoff are 16.698 and 9.975 kJ (15.827 and 9.454 Btu),
respectively. The significant differential heat (H) of the two tests, 6.723 kJ (6.372 Btu), can be
considered as the additional heat produced by coal oxidation after the water cutoff in comparison
to that in the test without water cutoff. The differential heat for the two pairs of tests at water bath
temperatures of 20 and 35°C are 16.195 and 9.700 kJ (15.350 and 9.194 Btu), respectively.
Through these tests, it can be theorized that the factors significantly altering the self-heating
behavior of the coal after the water cutoff are three folds. With continued use of moist oxygen
during the entire test, the condensed water on the coal surface can partially block the oxygen to
reach coal surface and retard the oxidation process to some degree. Second, the condensed water
will consume some of the coal’s oxidation heat to raise its own temperature slowing down the selfheating process. Third, as the coal temperature rises, the water condensed on the coal will be
evaporated consuming some of heat from coal oxidation. The determined differential heat in this
section should be caused by the combined effects of the three. However, it is still difficult to
quantify each of these three mechanisms as very complicated physical, chemical and physiochemical reactions are involved.
3.4 Conclusions
For evaluating the low-rank coal’s self-heating characteristic, an improved R70 method was
introduced by generating a controlled amount of water vapor in the inlet oxygen flow. The method
has been used to test coal samples of low rank with varying conditions and procedures to explore
and quantify the mechanism in the self-heating process of such coals.
The heat of wetting released to the coal from the condensed water vapor, though small, is
crucial to prompt the initial self-heating process of low rank coals that are unable to be tested using
the original R70 method. Effort has been made to quantify the heat of wetting.
However, once the self-heating of the low rank coals has been well under the way, the moist
contained in the inlet oxygen can retard the coal oxidation process. The total retarding effect of
three mechanisms can be quantified through the paired tests conducted with and without water
cutoff.
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Though the improved R70 test method is not strictly an adiabatic test any more as an external
heat source, the heat of wetting, is used to prompt the self-heating process in its initial stage – the
crucial stage for testing the low rank coals, the tests using the new method have revealed the
intrinsic property, mechanisms and external conditions for causing or preventing spontaneous
combustions events in extracting, transporting and storing low rank coals.
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Chapter 4 Quantification of Heat of Wetting Effect on Low-Rank
Coal’s Self-Heating Process
ABSTRACT

The widely used R70 method is modified to measure the self-heating propensity of low-rank
coals. This modified R70 method enables the introduction of controlled amount of moist oxygen
into the reaction vessel.
Three coal lumps were collected from three different locations in a surface mine in the Powder
River Basin. The coal samples were tested in oxygen flow with controlled moisture content under
adiabatic condition. By measuring the relative humidity at the exhaust exit point of the testing
setup, the flux and cumulative wetting heat that is consumed by coal samples can be determined.
Through a better way of determining the coal’s specific heat, the total heat, including heat of
wetting and coal’s oxidation heat, required to raise coal to a given temperature can be determined.
Then the contribution of heat of wetting at the different stages of the testing is quantified. The
effects of evaporative heat through a group of tests have also been quantified. From this research,
a better understanding of the effect of wetting heat on inducing low-rank coal’s spontaneous
combustion can be acquired.

Keywords: R70; wetting heat; quantification; spontaneous combustion; evaporative heat

(Note: This chapter was largely derived from the following publication and has been reformatted
to departmental guidelines: Zhang YN, Luo Y. Quantification of Heat of Wetting Effect on LowRank Coal’s Self-Heating Process, Mining, Metallurgy & Exploration. Springer; Manuscript
Accepted)
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4.1 Introduction
4.1.1 Influencing factors of coal’s self-heating process
Low-rank coals are mainly used for power generation and are more prone to spontaneous
combustion during production, transportation, and storage. Coal spontaneous combustion often
occurs in hidden and inaccessible locations and presents serious threats to operational safety. Many
intrinsic and extrinsic factors that could prompt and maintain coal spontaneous combustion are
investigated for preventing and controlling this hazard. Among them, the influences of water vapor
have been frequently mentioned.
Many researchers have reported the role of moisture on the propensity of coal spontaneous
combustion. The interaction between coal particles and moisture in the air is determined by the
equilibrium of the air humidity and coal’s inherent moisture content. This process can be
endothermic or exothermic depending on whether the water content is evaporating or condensing.
Clemens and Matheson (1996) claimed that if excessive moisture existed, it could block the
oxygen from reaching the reactive surface of coal and dissipate the oxidation heat, causing the coal
temperature to decrease. If the moisture content decreases, a less moderating effect is expected,
and coal is more prone to self-heating. Similarly, Arisoy, Beamish, and Yoruk (2017) introduced
the critical moisture content of coal. Above this level, the self-heating process will be suppressed,
and this level is determined by the conditions and coal’s intrinsic reactivity. In addition, Beamish
and Theiler (2019) attributed that evaporation of coal’s inherent moisture would retard coal’s
oxidation in the initial stage and this allowed an incubation period, which prolonged the time to
reach thermal runaway.
4.1.2 Improved R70 adiabatic method
In a standard R70 oxidation experiment, the coal’s oxidation process is monitored under
adiabatic conditions during dry oxygen flow. This method is commonly achieved by using an
adiabatic oven and the testing procedure has been standardized by Beamish, Barakat, and George
(2000). Currently, it is mainly used to derive a self-heating index R70 – the average hourly
temperature increment when the coal sample’s temperature is between 40°C and 70°C.
Improvements have been made to evaluate the moisture content effects on coal’s self-heating
process under both dry and moist conditions (Beamish, Barakat and St. George, 2000; Beamish
and Hamilton, 2005).
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However, these improved R70 experiments only focused on the qualitative relationship
between moisture and coal’s self-heating propensity, quantitative research is rare. Quantifying the
effect of wetting heat on coal spontaneous combustion has been an ongoing research conducted by
the authors. An improved R70 method was proposed by introducing a controlled amount of
moisture into the reaction vessel with humid oxygen (Wang, Luo and Vieira, 2018). Using this
setup, the authors have quantitatively investigated the effects of humid oxygen’s moisture and the
particle sizes of coal samples more thoroughly and accurately. However, due to the large volume
of information generated from this research, the findings are presented in two papers: one to
address the quantification of wetting heat and another to the size effects. This paper presents the
methodology, the test results, and the quantitative analysis of the wetting heat in the initial stage
of the low-rank coals’ self-heating process.

4.2 Methodology
4.2.1 Sample collection and preparation
The coal samples used for the experiments were of low rank. Three chunks of raw coal were
collected from three different spots in a surface mine in Powder River Basin (PRB). The samples
were sealed by a plastic membrane immediately after being mined out and promptly shipped to
our laboratory. As a reference, medium-volatile bituminous coal samples from the northern
Appalachian coal field (NACF) were also collected and treated in the same way. Samples are
stored in the refrigerator to avoid the pre-oxidation effect and before each test, 150g coal samples
of the required size (75-212 µm) were obtained by crushing and screening. The proximate analysis
of samples was performed on a Q50 Thermogravimetric Analyzer and the results are presented in
Table 4.1.
Table 4.1 Proximate Analysis for Coal Samples
PRB #1

PRB #2

PRB #3

NACF

Moisture (%)

18.60

16.29

8.46

2.30

Volatile matter (%)

30.26

35.30

45.06

27.30

Fixed carbon (%)

42.72

44.69

42.00

61.80

Ash (%)

8.42

3.72

4.48

8.60
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4.2.2 Test procedure of improved R70 method
The initial stage of the improved R70 test is the same as the original test. Firstly, 150 grams of
coal sample is crushed to the desired sizes (75-212 µm), placed and sealed into the reaction vessel,
and then exposed to 150 ml/min of nitrogen flow at 105°C for about 14 hours. This step is to fully
dry the sample. After cooling the sample down to 40°C, inlet gas is switched to oxygen at 100
ml/min flow rate. At the same time, a controlled amount of moisture is introduced into oxygen
flow as the major improvement over the original R70 method. This is achieved by adding a
temperature-controllable water bath instrument with a vacuum trap to the inlet gas line as shown
in Fig 4.1. During the test, the vacuum trap is partially filled with water and its temperature is
controlled by the water bath. In this research, the water bath temperature is set at 20, 35, and 50°C,
which are the possible environmental temperatures during the mining, transportation, and storage
processes. The inlet dry oxygen gets heated and humidified in the vacuum trap, then carries a
specified amount of water vapor before entering the reaction vessel. The temperature of coal in the
reaction vessel is recorded once the self-heating test starts at 40°C. Since the oven temperature is
synchronized to that of coal, a pseudo-adiabatic environment is maintained to prevent heat transfer
between the oven and the coal sample. A self-heating test is considered as successful if the coal
temperature can reach 70oC or higher. If the coal temperature starts to decrease and fails to reach
70°C after adequate time, the test is terminated indicating a low propensity of spontaneous
combustion for the tested coal. The test is also terminated when the coal temperature is well over
100°C, indicating that the oxidation reaction is well underway. For investigating the effect of
moisture after the initial stage of coal’s self-heating process, a set of comparison experiments were
conducted. In these tests, after the coal temperature reached 70°C, the inlet gas was switched from
moist oxygen to dry oxygen by emptying the vacuum trap.
4.2.3 Specific humidity of inlet and outlet gas
It is known that moist oxygen with high specific humidity contains more heat than dry oxygen.
When the moist oxygen contacts the coal, the heat released as the water vapor condenses on the
coal’s surface (termed wetting heat) will raise the coal temperature to form a better physiochemical
environment for the oxidation process. To understand the effects of wetting heat on coal’s selfheating process, the exact amount of wetting heat that is absorbed by coal should be determined
but it is difficult to be calculated directly. It should be noted that the water vapor from the inlet gas
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is partially condensed on the coal surface while the remaining water vapor exits the reaction vessel
in the exhaust gases. Through computing the specific humidity in the inlet and outlet gas flows,
the enthalpies carried by the water vapor can be determined and the difference between the inlet
and outlet gas flows is the actual wetting heat consumed by the coal sample.
An independent experiment is designed to determine the specific humidity of inlet gas under
different water-bath temperatures (Luo and Zhang, 2021). The determined specific humidity of
moist oxygen flow after passing the water bath, set at 20, 35, and 50°C are 0.012, 0.028, and 0.062
kg/kg dry oxygen (relative humidity being 81%, 78%, and 74%), respectively.

Figure 4.1 Improved R70 Experiment (Luo and Zhang, 2021)
Because of the low-rank coals’ higher moisture contents, the dried coal sample contains more
pores making the coal capable of absorbing more moisture from oxygen. As the experiment
proceeds, more porous space is occupied by condensed water making the coal less capable of
absorbing moisture further. The decreased absorption of water vapor by the coal sample in unit
time will result in the change of specific humidity of outlet gas. To determine the actual wetting
heat consumed by the coal in the self-heating process accurately, the specific humidity of outlet
gas should be determined. Due to the difficulty to measure the specific humidity directly, the
relative humidity of outlet gas was measured by a digital psychrometer and recorded continuously
during the experiment.
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4.3 Experiment Results
In this part of the research, the following three groups of experiments have been conducted to
quantify the wetting heat:
•

Group 1: Dry oxygen is used to test the four types of coal samples.

•

Group 2: The modified R70 method is used to test coal samples with the size being 75-212
µm and the water bath is set at three different temperatures

•

Group 3: Water cutoff tests are performed by emptying the vacuum trap’s water after the
coal temperature reaches 70°C.

4.3.1 Standard adiabatic experiments
Before testing the coal samples with the improved R70 method, they are tested with the
standard R70 procedure first. The experiment results using the standard method are presented in
Figure 4.2. The temperature of all the samples did not reach the required 70°C.
All the coal samples’ temperatures increased rapidly in the first two hours of the test, then the
increase rate is gradually slowed down. After the coal temperature reached its peak, it started
decreasing afterward. According to the R70 classification, it could falsely conclude that PRB coals
have a low propensity for spontaneous combustion - contradictory to the obvious reality. Though
all the tests in the first group did not reach the required 70oC, the PRB coals have reached higher
peak temperatures than the NACF coal (41.7o) implying that the PRB coal still higher intrinsic
propensity of spontaneous combustion than the NACF coal.
Figure 4.2 also shows that PRB #1 coal has the highest temperature increment and peak
temperature, followed by PRB #2 and PRB #3. When referred to the proximate analysis results in
Table 4.1, it shows that both the peak temperature and the time to the peak temperature for a coal
sample are closely related to its moisture content as shown in Figure 4.3. Therefore, the moisture
content of coal can be considered as one of the important influencing factors for the propensity of
coal’s spontaneous combustion.
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Figure 4.2 Self-heating Histories of Coals using the Standard R70 Method
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Figure 4.3 Relations between Peak Temperatures and Coal Moisture Contents for Group 1 Tests
4.3.2 Improved adiabatic experiments
Constant water-supply experiments
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The tests in group 2 are to explore the self-heating mechanism of spontaneous combustion of
low-rank coal using the R70 testing procedure. In these tests, water vapor is introduced into the
reaction vessel throughout the testing period so that the wetting heat could assist the initiation of
self-heating process. To quantify the wetting heat consumed by the coal, the heat carried by the
exhausting gas should be determined. To do so, the relative humidity of outlet gas is measured and
recorded using a digital psychrometer (Figure 4.4).
The time-temperature development curves of group 2 tests are presented in Figure 4.5. These
tests show that the added moisture in the inlet oxygen flow not only ensured the PRB coal samples
reached the required 70oC but also entered the thermal runaway stage. When tested with wet
oxygen, the PRB coals demonstrate a fast temperature increase in the first two hours of tests. The
temperature increasing rate then gradually slows down for a while and started increasing
exponentially after the temperature has reached 70 to 80°C. Figure 4.5 also shows that by setting
the water-bath temperature higher, the times for a specific type of coal to reach 70°C and the
thermal runaway temperature become shorter. For example, it takes PRB #1 coal 4.02, 3.37, and
2.28 hours to raise its temperature from 40°C to 70°C when the water bath is set at 20, 35, and
50°C, respectively. The corresponding R70 indices are 7.46, 8.90, and 13.16 oC/hour with these
three water-bath temperatures. Therefore, the higher specific humidity in the inlet oxygen makes
the self-heating process faster.

Figure 4.4 No. EP8710 Digital Psychrometer (Source: General Tools)
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Figure 4.5 Self-heating Histories of PRB Coals at Different Water Bath Temperatures
It can also be observed that PRB #1 coal took the shortest time to reach thermal runaway in a
specific water-bath temperature test, followed by PRB #2 and PRB #3 coal and this confirms the
highest spontaneous combustion propensity of PRB #1 coal.
The three tests of the higher rank NACF coal samples show that all the NACF coal samples
never reached the required 70oC even with the added moisture in the inlet oxygen (Fig 4.6).
However, the peak temperatures of 42.9, 43.6, and 45.0oC at the three water-bath temperature
settings are higher than that in the standard R70 (Fig 4.2) test reached between 12.1 and 15.3 hours
into the tests before the samples cool slightly afterward.
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Figure 4.6 Self-heating Histories of NACF Coal with 20°C, 35°C, and 50°C Water-bath
Water cutoff experiments
In long-distance transportation and outdoor storage, the coal could be exposed to an
environment with rapid changes in humidity and temperature such as sudden and short rain on a
hot day. To investigate the evaporation effect on coal’s self-heating process, a water cutoff
experiment is proposed based on the improved R70 adiabatic test. In this experiment, the inlet gas
is switched from moist oxygen to dry oxygen when the coal’s temperature reaches 70°C. It is
believed that once the 70°C is reached, the coal’s oxidation heat is more than sufficient to sustain
the self-heating process and brings the process into the thermal runaway stage. Figures 4.7-4.9
present the self-heating histories of PRB coals from the water-cutoff experiments along with the
data of second group tests.
The sections of the paired development curves in the coal temperature range of 40 to 70°C
between groups 2 and 3 tested at a given water-bath temperature remain nearly the same indicating
the repeatability of the testing methods. However, beyond 70oC and with water cutoff, the selfheating processes in group 3 tests are faster than those in group 2 tests. For example, when the
water bath is set at 20oC, it took 808 minutes for the PRB #1 coal to terminate the test when the
heating process enter the deep runaway stage without water cutoff and 770 minutes with water
cutoff. Similarly, the time to end the tests for the 35°C water-bath setting without and with water
cutoff is 662 and 625 minutes, and those for the 50°C settings are 430 and 399 minutes,
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respectively. The total reductions in experiment times are 4.7%, 5.6%, and 7.2% for the three
water-bath temperature settings, respectively.
The same analysis is performed on the PRB #2 and PRB #3 coal samples. Figure 4.10
summarizes the percent of the testing time reduction for all the samples tested in the water cutoff
experiments. For each of the three coal samples with different “as received” moisture contents
(Table 4.1), the percent of time reduction increases with the water bath temperature. For a given
water bath setting, PRB #1 coal (having the highest moisture content) always has the greatest
relative reduction, followed by PRB #2 and PRB #3 (lowest moisture content) coal. The testing
results imply that the moisture absorbed to the coal surface before reaching 70oC has dual functions:
(1) reducing the chance for oxygen to directly contact the coal, and (2) consuming the coal
oxidation heat for water evaporation. After switching the inlet gas at 70oC, the inlet dry oxygen
flow could quickly dry the coal, so more reaction surface is created to generate more oxidation
heat for raising the coal temperature. Since PRB #1 coal has the highest moisture content and
porous structures, the oxidation process can occur at a higher rate than the other two coal samples,
making its thermal runaway stage to arrive earlier.
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Figure 4.7 Self-heating History of Coal in 20°C Water Cutoff Experiment
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Figure 4.8 Self-heating History of Coal in 35°C Water Cutoff Experiment
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Figure 4.9 Self-heating History of Coal in 50°C Water Cutoff Experiment
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4.3.3 Heat of wetting
As stated in a previous chapter, two heat sources could be involved in the coal’s self-heating
process of low-rank coals: the physical heat of wetting (condensation heat) and the chemical
oxidation heat. The heat of wetting is a portion of the heat carried by the moist oxygen to the
reaction vessel and released to the coal through condensation. Though small, the heat of wetting
plays an important role to raise the temperature of low-rank coals. This section is to determine the
quantity of heat of wetting in the tests performed.
Rate of wetting heat
The enthalpy of moist air is the sum of enthalpies of dry air and water vapor. Since the enthalpy
of water vapor depends on temperature, the heat it carries into the reaction vessel is a function of
the coal/oven temperature. However, the longer the coal sample is exposed to moist oxygen, the
more the coal surface area will be covered by condensed water. Therefore, the rate for water vapor
to condense on the coal surface will decrease, resulting in a time-dependent flux of wetting heat
that could prompt the coal self-heating process. The determination of wetting heat at different time
of a test requires continuous monitoring of humidity in the exhaust gas.
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The heat flux of water vapor (𝐻𝑤̇ ) from inlet oxygen can be determined by the following
equations.
𝐻𝑤̇ (𝑡) = 1.055 × 𝑤𝑚̇{𝑒 + 𝑓[1.8𝑇(𝑡) + 32]}

𝑇(𝑡) = {

(𝑎1 + 𝑏1 ∙ 𝑡 + 𝑐𝑡 2 + 𝑑𝑡 3

𝑇 ≤ 100

1
−
𝑐

𝑇 > 100

(𝑎2 + 𝑏2 𝑡)

kJ/min

(4-1)

°C

(4-2)

In these two equations, w and 𝑚̇ are the specific humidity and mass flow rate, respectively; e
and f are the specific latent and sensible heats of water vapor’s enthalpy; T(t) is the coal
temperature at testing time t; 1.055 is the coefficient that converts Btu to kJ; a1, a2, b1, b2, and d
are the regression coefficient derived from a set of recorded T(t) data for a R70 test. It is found that
the T(t) development curve for a R70 test that has reached the runaway stage can be well represented
by a two-piece equation (Eq.2) transitioning at the coal temperature of 100oC.
The method to determine the heat carried away by exhaust gas is slightly different. Since the
relative humidity of the exhaust is measured at the tube exit point located outside the oven, the dry
bulb temperature at that point is equal to the room temperature at 24°C (75.2°F). The measured
relative humidity for the group 2 tests is shown in Figure 4.11, since the relative humidity at the
exit point at room temperature is still smaller than 100%, no condensation has occurred in the
exhaust tube and the specific humidity leaving the reaction vessel is the same as that at the exit
point. The figure also shows that the relative humidity at the exit point depends on the specific
humidity in the inlet oxygen which is a function of the water bath temperature. Another observation
is that at a given water bath temperature when PRB #1 coal (with the highest moisture content) is
tested, the relative humidity at the exit point is the smallest among the three coal samples while
PRB #3 has the largest relative humidity indicating PRB #1 absorbed more water vapor than the
other two during the tests. Since the relative humidity increases slightly for nearly the entire test
duration for each of the tests, it shows the coal samples become less capable of absorbing water
vapor through the condensation process.
At a psychrometric state point defined by the atmospheric pressure, the temperature in the
laboratory, and the measured relative humidity, the specific humidity in the exhaust flow, we, can
be determined. The heat flux rate 𝐻𝑒̇ of water vapor in the exhaust gas leaving the reaction vessel
at a given time t can also be determined by Eq.1. Since the temperature of oxygen entering the
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reaction vessel is the same as that of exhaust gas at a given time, the rate of wetting heat at time t
can be determined by Eq.3.
̇ = 𝐻̇ 𝑖 − 𝐻𝑒̇ = 1.055 × 𝑚̇{𝑒 + 𝑓[1.8𝑇 + 32]} (𝑤𝑖 − 𝑤𝑒 )
𝐻ℎ𝑤

kJ/min

(4-3)

In deriving Eq.3, it is assumed that the amount of gas produced in the coal oxidation process
before the tests are terminated is still insignificant so that the mass flow rate in the exhaust flow
remains to be the same as the inlet oxygen (𝑚̇). It should also be noted that the specific humidity
of the inlet oxygen (wi) remains constant for a preset water bath temperature while that of the
exhaust gas (we) changes during the testing.
By integrating the heat fluxes brought into and carried out of the reaction vessel by water
vapor, 𝐻̇ 𝑖 and 𝐻𝑒̇ , the cumulative heat carried in and away by the water vapor for the test duration
to time t is determined and plotted in Figure 4.12. It shows that all the relations between the
cumulative heat and test time are nearly linear. Therefore, the cumulative heat of wetting for each
of the group 2 tests on the PRB coals is linearly proportional to the testing time t and simply
represented by a linear function with its gradient and intercept being a and b, respectively. The
resulting coefficients for all the tests in group 2 PRB coal tests are shown in Table 4.2.
Table 4.2 Coefficients for Linear Function of Cumulative Heat of Wetting for Group 2 Tests

20oC

Coal

35oC

50oC

Sample
a

b

a

b

a

b

PRB #1

0.0034

0.0073

0.0054

0.0136

0.0123

-0.0033

PRB #2

0.0033

0.0089

0.0040

0.0213

0.0121

0.0018

PRB #3

0.0028

0.0220

0.0047

0.0248

0.0117

0.0071
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Figure 4.11 Measured Relative Humidity at Exit Point of Exhaust Gas
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Figure 4.12 Cumulative Water Vapor Heat in and out the Reaction Vessel for PRB #1 Coal
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Specific heat of coal
In a short time interval dt, the heat consumed by the coal (dH) to raise its temperature dT of a
specific amount (m) of coal can be calculated by Eq.4.
𝑑𝐻 = 𝑚 𝐶𝑐 𝑑𝑇

kJ/(kg-K)

(4-4)

In the equation, Cc is the specific heat of coal. The specific heat of coal is a function of
ambient temperature and the physical property of coal. According to Eisermann et al (1980), coal
consists of the following substances, moisture, primary volatile matter (released at lower
temperatures), secondary volatile matter (released at higher temperatures), fixed carbon, and ash.
The total specific heat of dry coal can be determined by the following equations.
𝐶𝑐 = 𝐹𝐶𝐹 + 𝑉1 𝐶𝑉1 + 𝑉1 𝐶𝑉1 + 𝐴𝐶𝐴

kJ/(kg-K)

(4-5)

Where F, V1, V2 and A are the mass fraction of fixed carbon, primary and secondary volatile matter,
and ash in the dry coal sample while CF, 𝐶𝑉1 , 𝐶𝑉2 , and CA are the corresponding specific heat of
these substances. Based on Eisermann et al (1980), the specific heats of fixed carbon, primary and
secondary volatile matter can be expressed by Eqs.6-8.
𝐶𝐹 = −0.218 + 3.807 ∙ 10−3 𝑇 − 1.758 ∙ 10−6 𝑇 2

kJ/(kg-K)

(4-6)

𝐶𝑉1 = 0.728 + 3.391 ∙ 10−3 𝑇

kJ/(kg-K)

(4-7)

𝐶𝑉2 = 2.273 + 2.554 ∙ 10−3 𝑇

kJ/(kg-K)

(4-8)

According to Richardson (1993), the specific heat of ash is approximately 0.95kJ/(kg- K).
After substituting Eqs.6-8 and tested coal properties from Table 1 into Eq.5, the relations between
the specific heat and coal temperature T for PRB #1, #2, and #3 coals are shown in the following
three empirical equations, respectively.
𝐶1 = 0.409 + 3.175 ∙ 10−3 𝑇 − 0.923 ∙ 10−6 𝑇 2

kJ/(kg-K)

(4-9)

𝐶2 = 0.287 + 3.379 ∙ 10−3 𝑇 − 0.939 ∙ 10−6 𝑇 2

kJ/(kg-K)

(4-10)

𝐶3 = 0.459 + 3.332 ∙ 10−3 𝑇 − 0.807 ∙ 10−6 𝑇 2

kJ/(kg-K)

(4-11)

Total heat

Using the empirical equations for specific heat, integrating Eq.4-4 will determine the actual
amount of heat consumed for raising a coal sample’s temperature from 40°C to a given temperature
74

T or time t. Figure 4.13 shows the determined total heat consumed to a testing time t for all group
2 tests on the PRB coals. These curves are similar to their corresponding T-t curves shown in
Figure 4.5. It shows that most of the tests consumed about 30 kJ total heat for the testing durations
which vary from 430 to 1,137 min. The tests show that the minor amount of water vapor introduced
into the testing system creates a very profound impact on the heat consumption rate than the coal’s
moisture content at “as received” condition.
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Figure 4.13 Cumulative Total Heat Consumed in Testing the PRB Coals
Contribution of the wetting heat

Based on the determined cumulative wetting heat and the total consumed heat in group 2 tests,
the contribution of the heat of wetting in inducing the heating process of a tested coal sample can
be determined. The percentage of contributions for the nine tests up to a specific coal temperature
are plotted in Figure 4.14. It shows that in each test the heat of wetting varies with the coal
temperature. Initially, it contributes a small amount. However, as more and more water vapor
condensed on the coal, the cumulative heat of wetting makes up a large portion of the total heat to
raise the coal temperature. The contribution peaks, ranging from 46% to 94%, when the coal
temperature is between 50 and 55oC. In other words, the coal’s oxidation heat only contributed
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between 6% and 56% of the total heat to raise the coal temperature to that time. Compared to the
dry tests in group 1 in which the PRB coals’ temperature peaked at 43.8, 47.3, and 49.2oC and then
cooled down afterward (Fig 4.2), the heat of wetting in groups 2 and 3 tests plays a very significant
role to prompt and maintain the coal’s oxidation process. Thereafter, as more coal surface is
covered with condensed water, the condensation slows down and the contributions of the heat of
wetting will decrease
When the water bath is set at a lower temperature (e.g., at 20oC), the contribution is smaller
than those at higher temperatures (35 and 50oC). Another observation from Figure 4.14 is that
although PRB #1 has the most moisture content among the PRB coals, the contribution of wetting
heat is lowest for PRB #1 coal and highest for PRB # 3 coal with the lowest moisture content. This
shows that when water vapor is involved, the reaction between coal and oxygen is a complex
physio-chemical process. For PRB #1 coal, its intrinsic potential of spontaneous combustion is
quickly activated by the heat of wetting due to its ability for faster condensation and its oxidation
reaction accelerates faster than the PRB #2 and PRB #3 coals. Therefore, the cumulative
contribution of wetting heat is lowest for PRB #1 coal in its heating process.
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Figure 4.14 Percent of Wetting Heat in the Total Consumed Heat for PRB Coals
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Using Eqs.4-3 and 4-4, the instant heat of wetting and total consumed at a given temperature
can also be determined. The percentage of instant heat of wetting to the total heat at different
temperatures is computed and plotted in Fig 4.15. It shows that the peak percentage for the tests,
from 53% to 93%, occurs between 46oC and 50oC. With the catalytic effect of wetting heat, coal’s
oxidation reaction quickly accelerates. Consequently, the percentage of the heat of wetting
decreases thereafter. Less than 10% of the heat is contributed by the wetting heat after the coal
temperature exceeds 100oC.
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Figure 4.15 Dynamic Percent of Wetting Heat in the Total Consumed Heat for PRB Coals
4.3.4 Effects of evaporative heat
In the group 3 tests, dry oxygen is re-supplied to the reaction vessel after the coal temperature
has reached 70oC by removing the water bath. No more heat from wetting is generated afterward,
and the energy consumed in the self-heating process solely comes from the coal’s oxidation heat.
However, the water previously condensed on the coal surface will be vaporized as the coal
temperature rises which consumes a certain amount of the oxidation heat – termed the evaporative
heat. By measuring the relative humidity at the exit point of the exhaust gas, the rate of the
cumulative evaporative heat can be determined.
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For the PRB coal samples, the percentage of cumulative evaporative heat in negative values
after the water is removed within the water cutoff tests are plotted in Figure 4.16. Among all the
tests, the maximum evaporative heat accounts for only 0.53% of the oxidation heat, reached in
testing PRB #3 coal at the coal temperature 80oC. The minor amounts of evaporative heat should
have an insignificant effect to retard the coal’s heating process. Though small, it still shows the
percent of evaporative heat increases among the coal samples in the order of PRB #1, #2, and #3.
The percent of evaporative heat is also affected by the water bath temperature before the water
cutoff, the influence increases in the order of 50, 20, and 35oC.
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Figure 4.16 Percent of Evaporative Heat in Total Consumed Heat for PRB Coals
after Water Cutoff in the Inlet Oxygen at 70oC
4.4 Conclusions
This research mainly investigates the role of wetting heat on low-rank coal’s self-heating
process. A series of experiments were designed and conducted during which low-rank coal
samples with various intrinsic properties were fed with moist oxygen with different specific
humidity levels. By measuring the specific humidity in the gas exiting from the reaction vessel,
the rate of wetting heat released through water vapor’s condensation on the coal can be determined.
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The analysis clearly shows that the heat of wetting plays an important role to prompt and
maintain the heating process of low-rank coals, especially in its initial stage. The wetting heat
percentage is the result of a set of different factors. For all the coal samples, the WHP decreases
when the temperature increases. And at the same instant temperature, the WHP of coal samples
with relatively lower self-heating propensity is greater than those with higher propensities. The
maximum contribution of water vapor is reached between 50 and 55oC, during which 92% of the
heat consumed is contributed by wetting heat. The WHP value also increases with the water bath
temperature.
A group of comparative tests have been performed to evaluate the evaporation effects of water
condensed on the coal surface by reapplying dry oxygen after the coal temperature reaches 70oC.
The maximum amount of evaporative heat is only about 0.5% - very insignificant to retard the
heating process.
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Chapter 5 Systematic Investigation on the Effect of Particle Size on
Low-Rank Coal Spontaneous Combustion Under Various Extrinsic
Conditions
ABSTRACT
Understanding the effect of particle size is vital for studying the low-temperature self-heating
characteristics of coal. However, the particle size effect within coals with varying self-heating
propensities and extrinsic conditions (temperature and humidity) is still unknown. Three types of
Powder River Basin coal samples with three particle sizes (<75µm, 75-212µm, and >212µm) were
subject to the modified R70 tests under humid oxygen flow of different temperatures and humidity
levels. Characteristics parameters, such as peak temperature, the time to reach thermal runaway,
the R70 index, and dynamic wetting heat percentage (DWHP) were determined and analyzed based
on the test results. The results demonstrated that the peak temperature of coal was reached faster
as the particle size decreased in the original R70 test. From the modified R70 tests it was observed
that the self-heating process of low-rank coal was more sensitive to particle size at low temperature
(20oC) than at high temperature. The particle size also had a more significant impact on the selfheating process of coals with high self-heating propensity than the coals with low propensity. In
the water cutoff experiments, the finer coal particles received a greater catalyzing effect from
oxygen than coarse particles, proved by the greater experiment time reduction rate. For the
contribution of wetting heat, the DWHP revealed that the coarse coal particles and the coals with
lower self-heating propensity absorbed relatively more condensation heat, thus their self-heating
process was more dependent on the external heat source. The characteristics of DWHP also
facilitated explaining the varying roles that the particle size played in different environments.

Keywords: spontaneous combustion; adiabatic oxidation; moist R70 test; particle size; low-rank
coal; heat of wetting
(Note: This chapter was largely derived from the following publication and has been reformatted
to departmental guidelines: Zhang YN, Luo Y, Amini SH. Systematic Investigation on the Effect
of Particle Size on Low-Rank Coal Spontaneous Combustion Under Various Extrinsic Conditions.
Fuel, Elsevier; Revised Manuscript Under Review)
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5.1 Introduction
5.1.1 Background
Coal is one of the primary energy sources in the world, accounting for approximately 27% of
total energy consumption (Ritchie, Roser and Pablo, 2020). Additionally, coal can be reprocessed
into high-value products such as activated carbon (Cuhadaroglu and Uygun, 2008), carbon fiber
(Yang et al., 2016), tars (Jin et al., 2019), and metallurgical-grade silica (Amini, Honaker and
Noble, 2016; Tangstad et al., 2019). As a fuel, coal tends to spontaneously combust, posing serious
safety risks during production, transportation, and storage. In the United States, mine fires induced
by coal spontaneous combustion accounted for 15% of all reported fires between 1978 and 1990.
From 1990 to 2006, 25 coal spontaneous combustion events occurred in the United States (CDC
2017). Recently a gas explosion accident caused by the coal fire in Russia killed over 50 people
(NPR, 2021). Thus, coal spontaneous combustion continues to be a critical safety issue within the
coal mining industry that needs to be better understood for effective prevention and control.
Among different coal types, low-rank coals are more prone to self-heating due to their lower fixed
carbon content and higher moisture content and volatile matter (Yu et al., 2013; Kim et al., 2015).
With the anticipated rising production of low-rank coal in the western coalfields, the hazard of
spontaneous combustion is expected to be increased. Exploring the effects of dominant intrinsic
and extrinsic factors on the self-heating process is necessary for effective mitigation and control
of coal spontaneous combustion hazards.
Over the last few decades, several studies investigated the effect of moisture (moisture in the
air or intrinsic moisture) on the spontaneous combustion of coal (Clemens and Matheson, 1996;
Xu, Wang and He, 2013). Nugroho (2008) tested sub-bituminous coal under adiabatic conditions
and demonstrated that the oxidation rate of coal maximized at a relative humidity of approximately
70%. Ma and Qin (2019) derived similar conclusions when evaluating the characteristics of coal
spontaneous combustion under different relative humidity levels. While moisture and the
generated heat of wetting may accelerate the coal oxidation process, excessive moisture can slow
it down by absorbing heat during evaporation and preventing oxygen from reacting with the coal
(Xu, Wang and He, 2013). The reaction between moisture and coal is a complex physico-chemical
process. The condensation of water vapor on the coal surface is an exothermic process and the heat
absorbed by the coal is termed the wetting heat. The wetting heat has attracted widespread attention
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and research interest lately (Bhattacharyya, 1971; Wang, Luo and Vieira, 2018). Comprehending
the relationship between the wetting heat and the coal oxidation heat will be conducive to studying
the initiating mechanism of moisture during the coal’s self-heating. Recently, Miura (2016)
determined the heat of wetting effect on the self-heating process of coal stockpiles. Their
simulation model showed that the condensation heat was mostly utilized to heat up the
surroundings but did not reveal the contribution of wetting heat to the coal self-heating.
In addition to moisture, coal particle size is another important factor that affects coal
spontaneous combustion. Ren, Edwards, and Clarke (1999) measured the initial rate of heating
(IRR) and total temperature rise (TTR) of 18 coals of various sizes in adiabatic conditions and
ranked their spontaneous combustion propensity. The results revealed that the coal particle size
distribution affected both IRR and TTR parameters, with finer coal particles being more reactive.
Li et al (2020) used three different size ranges to test the self-heating propensity of the coal dust
layer. They found that as particle size decreased, the finer coal dust had a larger specific surface
area, which favored oxygen diffusion and accelerated the rate of the oxidation reaction. Mishra
(2022) used the wet-oxidation potential (WOP) method to investigate how particle size affected
the susceptibility of coal to spontaneous combustion. The WOP, or oxidation rate of coal,
decreased as particle size increased, according to their study. In comparison, for coal particle sizes
finer than 38-74μm, changes in the oxidation rate were neglectable. Despite vast available
literature on the coal particle size impact on coal combustion, the significance of coal particle size
under varying extrinsic conditions such as different air humidity and temperature has been
overlooked.
To investigate the effects of coal intrinsic properties on spontaneous combustion
characteristics, researchers often use the adiabatic oxidation test (Beamish, Barakat and St. George,
2001; Beamish and Blazak, 2005). While effective and reliable in most cases, the original adiabatic
experiment (or dry R70 test) ignores the importance of extrinsic conditions such as temperature and
relative humidity on the coal self-heating rate. As a result, the original R70 test procedure is unable
to evaluate wetting heat and its role in the self-heating process. To address this challenge, more
recently, Wang (2018) modified the standard R70 test setup by introducing controlled water vapor
into the inlet oxygen to the reaction vessel. We were able to test the effect of water vapor and the
heat of wetting on the coal's spontaneous combustion by this modified experimental setup. Using
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the same modified test setup, the current study further investigates how coal intrinsic properties
may influence coal spontaneous combustion under varying air temperature and humidity.
5.1.2 Problem statement and objective
Despite extensive studies on the characterization of coal spontaneous combustion, the particle
size and moisture are often treated as independent factors. And the previous research primarily
focused on the effect of particle size over the entire self-heating process (e.g., the impact on the
R70 index), which makes the present experimental studies unable to mimic realistic conditions.
Low-rank coals typically contain high moisture content, which allows them to absorb moisture
from humid air after a drying stage. Therefore, the role of particle size during the low-rank coal
self-heating process may vary in different environments, i.e., humidity and temperature. In
addition, most studies report qualitative analysis on the role of particle size. To facilitate theoretical
analysis and practical applications, the heat consumption and generation, such as wetting heat and
coal oxidation heat, involved in the self-heating process of coal should also be investigated.
However, the relative magnitude of wetting heat is still unknown, and the complexity of oxidation
heat release characteristics of coal adds to the difficulty of quantifying this process (Zhao, Deng,
Chen, et al., 2019; Zhao, Deng, Wang, et al., 2019; Song et al., 2021).
The main objectives of this study are to evaluate the impact of particle size on coal spontaneous
combustion with varying propensity for spontaneous combustion under different extrinsic
conditions. Additionally, this work determines the importance of wetting heat on coal particles of
different sizes. The collective results of the tests can assist in identifying the risk of low-rank coal
spontaneous combustion concerning coal particle size under various conditions. Corresponding
preventative operations can be carried out to reduce the risk of low-rank coal spontaneous
combustion during storage and transportation.
5.2 Material and Method
5.2.1 Coal Characterization
Low-rank coal samples used throughout the experimental testing were collected from surface
mines located in three distinct regions of the Powder River Basin (PRB). Following the sample
collection, samples were promptly stored in sealed plastic membranes for preventing coal preoxidation. Before each test, samples were crushed by jaw crusher and mill crusher and then
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screened to obtain 150 grams coal samples with specific size, i.e., >212µm (coarse fraction), 21275µm (medium fraction), and <75µm (fine fraction). The coal samples were subjected to
proximate analyses and ultimate analysis five times and the average weight percentage of each
constituent is shown in Table 5.1. Because the value of volatile matter and fix carbon for PRB#1
and PRB#2 are close, statistical analysis, i.e., T-test, was carried out between these two types of
coal. The P value for the T-test of volatile matter and fixed carbon were 0.03 and 0.0001
respectively, indicating statistically significant differences between the coal samples. According
to the ranking criterion of Ward and Suárez-Ruiz (2008), PRB#1 and PRB#2 can be classified as
high-volatile C bituminous and PRB#3 belongs to high-volatile B bituminous. The particle size
analysis was conducted over three size fractions of PRB coals (Fig 5.1) by a CILAS particle size
analyzer (model: 1190). The size distribution of three types of PRB coals were substantially close
to each other under the same fraction.

Figure 5.1 Particle size distribution of PRB coals.
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Table 5.1 Proximate and ultimate analysis of low-rank coal samples

PRB #1

PRB #2

PRB #3

Proximate analysis (wt%, as received)
Moisture (%)

19.18 ±1.02

16.04 ±0.28

8.32 ±0.23

Volatile matter (%)

40.49 ±0.46

41.2 ±0.39

43.78 ±0.62

Fixed carbon (%)

35.54 ±0.55

37.72 ±0.39

42.41 ±0.79

Ash (%)

4.8 ±0.84

5.03 ±0.07

5.48 ±0.06

Ultimate analysis (wt%, daf basis)
Carbon

70.13 ±0.7

72.2 ±0.6

75.6 ±0.6

Hydrogen

5.34 ±0.13

5.04 ±0.11

5.1 ±0.09

Nitrogen

0.77 ±0.03

1.68 ±0.07

1.2 ±0.1

Sulfur

1.16 ±0.05

1.35 ±0.11

0.8 ±0.05

Oxygen

22.6 ±0.6

19.73 ±0.6

17.3 ±0.5

Note: daf—dry and ash free
5.2.2 Adiabatic Experiment Setup
A laboratory-scale R70 experimental setup was used for coal self-heating experiments (Fig
5.2). To prepare for each test, a 150 g coal sample with the pre-defined size distribution was placed
in a reaction vessel and exposed to 150 ml/min nitrogen at 105°C for at least 14 hours. After
eliminating the intrinsic moisture content of coal, nitrogen flow was utilized to cool the sample to
40°C. The inlet gas was then switched to 100 ml/min of pure oxygen to start the self-heating tests,
during which the coal temperature (T) and testing time (t) were recorded. To maintain an adiabatic
environment, the oven temperature was adjusted to match the coal temperature consistently
through the entire experiment. The self-heating experiment was considered successful if the coal
temperature reached 70°C or beyond, and the R70 index, the average hourly temperature increment
from 40°C to 70°C, was determined accordingly. The test continued until the coal temperature
reached around 150°C, indicating the thermal runaway was achieved. On the other hand, if the
coal temperature was unable to reach 70°C within a reasonable testing duration, the test was
terminated, indicating a low spontaneous combustion propensity.
The main improvement over the original R70 method is the addition of a vacuum trap between
the oxygen tank and the adiabatic oven. This vacuum trap is partially filled with water and wets
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the inlet oxygen before entering the reaction vessel. The vacuum trap is placed in a temperaturecontrolled water bath (Fig 5.2) to generate an inlet oxygen flow with constant specific humidity.
In the tests, the water bath temperature was set at 20, 35, and 50°C, respectively - the possible
environmental temperature during coal mining, transportation, and storage.

Figure 5.2 Schematic representation of moist R70 experiment setup.

5.2.3 Experimental Methodology
5.2.3.1 Impact of particle size on the time to thermal runaway
Before evaluating particle size impact on the coal self-heating process, a series of preliminary
experiments were performed under dry and moist adiabatic conditions. These preliminary tests
were carried out to determine whether low-rank coal samples were prone to spontaneous
combustion in both dry and moist conditions. Next, the R70 index was determined for different
types of coal with a medium particle size range (75-212µm) to rank them according to their
tendency to spontaneous combustion. Finally, the results of these preliminary tests were used to
make the first observations on the effect of coal particle size on self-heating characteristics under
dry conditions.
Following these initial tests, systematic investigations of the role of coal particle size in the
spontaneous combustion process were followed under various extrinsic conditions. The water bath
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temperature was closely monitored and controlled at three levels of 20°C, 35°C, and 50°C
throughout the moist adiabatic tests. These moist R70 tests can be used to assess how coal particle
size affects spontaneous combustion in normal and extreme mining, transportation, and storage
conditions. Additionally, rather than being exposed to constant humidity, coals can be exposed to
a temporary pour or humid air during storage and transportation. To accurately simulate this
extrinsic condition, a series of tests were conducted where the water bath was cut off and dry
oxygen replaced the moist oxygen.
The current study devoted particular attention to the time for coal particles to reach thermal
runaway (thermal runaway time) as the primary response variable. Therefore, the impact of
intrinsic coal properties (e.g., particle size) on the coal thermal runaway time was systematically
evaluated under various extrinsic conditions (e.g., air humidity and temperature). It should also be
noted that every single test was repeated three times and the upper and lower limit of the thermal
runaway time with a 95% confidence level for three tests were illustrated by an error bar in the
column figures.
5.2.3.2 Impact of particle size on dynamic heat of wetting ratio
As stated in the introduction section, the heat of wetting is a crucial element in the low-rank
coal spontaneous combustion. Upon completing the moist adiabatic oxidation experiments, the
heat of wetting was determined for individual coal samples at varying air humidity and temperature
levels. Due to the high moisture content, after drying at the beginning of the R 70 test, many pores
remain in low-rank coals, making them more capable of absorbing water vapor. As the moist R70
test progresses, coal pores are filled with condensed water, reducing the sample's capacity to
absorb water vapor. Reduced water vapor absorption on the surface of coal particles increases the
specific humidity of the output gas. In other words, among the parameters that determine the water
vapor enthalpy (i.e., specific humidity, pressure, and temperature of the inlet and outlet gases),
only the specific humidity of the outlet gases varies throughout the experiment. The wetting heat
can then be estimated by calculating the difference between the input and output specific humidity.
Throughout the trials, the relative humidity of the exhaust gas was continuously monitored and
recorded. Using Eqs.1-3, the specific humidity as a function of the relative humidity can be
calculated (Don, 2015).
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In these equations, Ps, Pv,Pb, 𝜑,Td, and w represent the saturation pressure of moist air, partial
pressure of water vapor in the air, atmosphere pressure, relative humidity of the air, dry-bulb
temperature, and air specific humidity respectively.
Additionally, mathematical equations were developed to compute the total heat consumption
of coal at a given coal temperature. The dynamic wetting heat ratio (DWHR) is the ratio of the
heat of wetting to the overall heat consumption of coal at a specific temperature point. Estimating
the DWHR for each low-rank coal at the fine, medium, and coarse fractions facilitated the study
of the coal particle size effect on the wetting heat during the coal self-heating process.
5.3 Results and Discussions
5.3.1 Dry vs moist adiabatic tests
The self-heating curves of medium-sized, low-rank coals were developed utilizing both dry
and moist R70 test setups. As depicted in Figure 5.3, when subjected to the conventional dry R70
test, none of the low-rank coal samples suppressed 70°C, nor exhibited thermal run-away. During
dry R70 testing, the temperature of all PRB coals followed a phase of slow increase before reaching
a plateau. In the absence of wetting heat, oxidation heat was insufficient to support coal selfheating. Under dry conditions, none of the low-rank coal samples exhibited spontaneous
combustion.
Despite dry R70 tests, all low-rank coals quickly reached 70°C in the presence of humid air
(Fig 5.3). According to the results of moist tests at 35°C air temperature, the obtained R70 indices
for PRB#1, PRB#2, and PRB#3 were 3.77, 3.34, and 2.96°C/h, respectively. It can be deduced
that the heat of wetting was the primary determinant in the self-heating of low-rank coals. The
intrinsic moisture content of coal samples demonstrated a direct relationship with the spontaneous
combustion susceptibility of low-rank coals. Low-rank coals with a higher inherent moisture
content have a higher tendency for spontaneous combustion. For example, the moisture content
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was decreased from PRB#3 to PRB#2, and from PRB#2 to PRB#1, the R70 indices showed a
similar trend (PRB#1 R70>PRB#2 R70>PRB#3 R70). Previous research has demonstrated that as
the amount of volatile matter content increased, the degree of coal spontaneous combustion was
raised (Mishra, 2022). However, the results of the moist adiabatic experiments conducted on lowrank coals indicated that intrinsic moisture has a more significant effect on coal spontaneous
combustion when the heat of wetting is the primary driver for self-heating. This may be ascribed
to that volatile matter is still stable during such low temperatures and the differences of volatile
matter doesn’t pose a substantial impact on the self-heating process.
Figure 5.4 presents the self-heating curves for all three size range classes of PRB#1 coal.
Under dry adiabatic conditions, fine and coarse-size fractions of low-rank coals showed similar
self-heating patterns to tested medium-size range particles. Even though PRB#1 is incapable of
thermal run-away in all three size ranges, finer size fractions exhibited slightly different selfheating properties. The primary distinction between the three size classes was the amount of time
required to reach the peak temperature. The difference in time to peak temperature can be
explained by the increased surface area of the finer-sized particles, which allowed for a quicker
temperature increase. Although the rate of temperature increase varied with coal particle size, there
was no significant difference between peak temperatures. Therefore, when the risk of thermal runaway is minimal, particle size only influences the time it takes to reach peak temperature, but not
the peak temperature itself.
5.3.2 Effect of particle size under various air temperatures and humidity
Following preliminary adiabatic oxidation testing, low-rank coal was subjected to systematic
moist R70 tests to investigate the effect of particle size on coal spontaneous combustion. Moist R70
experiments utilized oxygen humidified by water at 20°C, 35°C, and 50°C. As illustrated in Figure
5.5(a), a decrease in the particle size of PRB#1 coal significantly rose the coal’s susceptibility to
spontaneous combustion, as indicated by the R70 index values of 3.88, 3.7, and 3.51°C/h for fine,
medium, and coarse size coals, respectively. Likewise, the time to thermal runaway was greater
for fractions of coarser size in PRB#1 (Fig 5.5(b)). For more consistent comparisons, the average
time to thermal runaway with fine-sized coal was used as a benchmark test, and the average time
to thermal runaway for medium and coarse coal fractions was normalized to the time obtained
from the benchmark test. As shown in Figure 5.5(b), the time to thermal runaway for the medium
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and coarse size fractions of PRB#1 was 1.26 and 1.55, respectively, when fine coal with a thermal
runaway of 1.00 was used as a reference.

Figure 5.3 Self-heating curves of low-rank PRB samples obtained from dry and moist R70 tests.

Figure 5.4 Self-heating curves of low-rank RPB#1 coal using dry R70 adiabatic tests.
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Similar self-heating properties can be found with PRB#2 coal, as shown in Figure 5.5(c). As
demonstrated by R70 indices and time to thermal runaway values, the coal's potential to
spontaneously combustion was dropped dramatically as particle size was increased, indicated by
the increased time to thermal runaway. Furthermore, after normalization the experiment time for
medium and coarse coal were 1.21 and 1.51. As described in the previous section, PRB#1 had a
greater susceptibility to spontaneous combustion than PRB#2. The comparison between Figure
5.5(b) and (d) shows that particle size impact on the coal self-heating characteristics was more
evident for coals with higher susceptibility to spontaneous combustion.

Figure 5.5 Self-heating curves for PRB#1 (a) and PRB#2 (c) for 20°C R70 tests; comparison of time to
thermal runaway for PRB#1 (b) and PRB#2 (d)

Comparing the self-heating characteristics of PRB#2 and PRB#3 at a moist air temperature
of 35°C led to the same conclusion (Fig 5.6). Given the different propensities of PRB#2 and
PRB#3 for spontaneous combustion, particle size had a less significant impact on the self-heating
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of PRB#3, as indicated by the minor changes in the time to thermal runaway for the medium and
coarse size fractions of PRB#3 coal when compared to the fine size fraction (compare Fig 5.6(b)
against (d)). Altogether, it can be concluded that the greater the coal's intrinsic propensity for
spontaneous combustion, the more sensitive its self-heating is to particle size changes. The
possible explanation is that more reactive coal relies more on the oxidation heat, as opposed to
wetting heat, to heat the sample. While under the moist environment, less reactive coal depends
more on the extrinsic heat source, i.e., wetting heat, to sustain the self-heating process. As the
particle size increases, the quantity of available reactive sites on the coal sample surface decreases,
causing less oxidation heat within the unit of time, and this poses more impact on the self-heating
of coal samples with higher propensity than lower propensity. This finding implies that coal mines
should pay special attention to the coal within a moist storage environment. Increasing the size of
highly reactive coal within moist conditions may effectively retard its self-heating development.
Additionally, within the same particle size class, the time to thermal runaway was increased
as the humid air temperature decreased. Raising the humid air temperature from 20°C to 35°C, as
indicated in Figure 5.6(b), significantly lowered the time to thermal runaway for all size fractions
of PRB#2. Furthermore, for PRB#2 coal the experiment time increase with particle size is more
significant under 20°C than 35°C. The above trends were also observed in the 35°C and 50°C
water bath trials with PRB #3 coal. It is worth noting that benchmark tests for normalized values
in Figure 5.6(b) and (d) were R70 tests on the fine size fraction of PRB#2 at 20°C and PRB#3 at
35°C, respectively. The above observations may be explained by the effect of varying amounts of
wetting heat when employing water baths with varying temperatures. As the oxidation heat of coal
decreased with increased particle size, higher temperature moist air partially compensated for the
decreased heat generation. Thus, the change in particle size plays a bigger role during lower
temperatures than at higher temperatures. The presence of moist air and high temperature can
significantly shorten the time to reach thermal runaway. Therefore, this finding also necessitates
coal mines to avoid high temperatures during the handling, storage, and transportation of coal.
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Figure 5.6 Self-heating curves for PRB#2 (a) and PRB#3 (c) moist R70 tests; comparison of time to
thermal runaway for PRB#2 (b) and PRB#3 (d)

5.3.3 Effect of particle size within water cut-off tests
As described in the previous section, during storage and transportation, coal may be exposed
to a temporary pour or humid air. Using water cut-off studies, different types of coal with varying
sizes were tested to investigate the significance of coal particle size in this environment. When
coal temperature reached 70oC, the water bath was cut off and dry oxygen replaced the moist
oxygen. PRB#1, PRB#2, and PRB#3 coal were subjected to 20oC, 35oC, and 50oC water cutoff
tests, and each test was repeated three times. Figure 6 depicts a series of typical self-heating curves
of PRB#1 coal. In all the tests, the coal temperature took approximately the same time to rise from
40oC to 70oC, demonstrating the repeatability of the moist R70 method. Furthermore, the reaction
was accelerated after the water got cut off and the time for the coal to reach thermal runaway was
decreased. As shown in Figure 5.7, the time it took for PRB #1 coal to reach thermal runaway was
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decreased from 640 to 602 min, 808 to 770 min, and 990 to 950 min for fine, medium, and coarse
coal experiments respectively. This represents approximately 5.9%, 4.7%, and 3.9% of the total
time of moist R70 experiments without water cut-off. The statistics of all the tests concerning the
time reduction rate are shown in Table 5.2. The self-heating data of PRB#2 and PRB#3 coals is
provided in the file of Supporting Information due to technical limitations.
For PRB#1 coal, the time reduction rate was decreased with increasing particle size. Similar
reductions were observed for PRB #2 and PRB #3 coals, indicating the catalyzing effect of water
cut-off on coal spontaneous combustion was less apparent for coarser coal particles. This
phenomenon is mostly attributed to the varying specific surface areas of coals of different sizes.
Compared to coarser coal particles, finer particles can absorb a higher quantity of water vapor
because water vapor has easier access to the internal structure of finer-sized coal. As a result, after
the inlet gas was switched to dry oxygen, more condensed water was evaporated from the coal
surface, leaving more reactive sites, which promotes the acceleration of the subsequent reaction.
Table 5.2 Difference between time to thermal runaway for moist R70 and water-cut-off
experiments for different sizes of low-rank coals.

Particle Size

PRB #1

PRB #2

PRB #3

< 75 m

6.2 ±0.4%

5.9 ±0.4%

5.6±0.1%

75-212 m

4.7 ±0.4%

5.1 ±0.4%

4.8 ±0.2%

> 212 m

3.9 ±0.3%

4.3 ±0.2%

4.1 ±0.2%
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Figure 5.7 Self-heating curves for PRB#1 coal with moist and water cut-off R70 tests.

5.3.4 Effect of Particle Size on the Dynamic Wetting Heat Ratio
The primary modification of the improved R70 method is the introduction of moist oxygen
into the reaction vessel. To quantitively analyze the effect of water vapor, i.e., wetting heat, on the
spontaneous combustion of coal at different particle size ranges, it is necessary to quantify the
exact quantity of heat released by water condensation throughout the tests. The following
subsections address the quantification of wetting heat and how its contribution to coal spontaneous
combustion might vary based on the particle size distribution and the propensity of coals to
spontaneous combustion.
Figure 5.8 shows the DWHP for the 20°C trials of different size fractions of PRB #1 and
#2 coals. The DWHP values for all the tests appear to peak at approximately 50°C, then promptly
decline. During the rapid increase of DWHP, the coal samples absorbed water vapor from moist
air, leading to spontaneous combustion. As condensation heat was released, the oxidation reaction
of coal accelerated, resulting in the release of additional oxidation heat to raise the coal temperature,
while the contribution of wetting heat falls proportionally. As the particle size was increased for
PRB #1 and #2 coal at 20°C, the peak DWHP was raised from 46.43% to 64.00% and from 53.26%
to 78.77%, respectively (compare Fig 5.8(a) against (b)). The results of R70 tests on PRB#3 coal
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at humid air temperatures of 35°C and 50°C exhibited a similar increase in DWHP for coarser size
particles (Fig 5.9(b)). These trends indicate that coarser particles of low-rank coals are more
dependent on wetting heat to initiate the self-heating. A possible elucidation was that finer coal
particles have more oxygen-containing functional groups (Li et al., 2018). After fine coal selfheating was initiated by the wetting heat, it had more functional group that could react with oxygen
and release oxidation heat, compared with coarser coal.
Furthermore, with the same water bath temperature (i.e., humidity level) and particle size,
the DWHP of PRB #2 coal was always greater than PRB #1 and smaller than PRB #3 coal. This
suggests that the spontaneous combustion of low-rank coals with low self-heating potential was
more reliant on the contribution of the external heat source such as wetting heat. It should also be
highlighted that with a 50°C water bath, the instant DWHP may approach 90%, indicating that the
high-temperature moist air significantly increases the likelihood of coal spontaneous combustion
(Fig 5.9(b)). Meanwhile, by comparing the curves in Figure 5.9, it is apparent that the DWHP was
increased with an increase in the water-bath temperature for the same type of coal with the same
size range. Thus, the higher the humid air temperature, the more wetting heat contributed to the
coal self-heating.

Figure 5.8 DWHP for PRB #1 and #2 coals with humid air at 20°C (85% humidity).
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Figure 5.9. DWHP for PRB #2 and #3 coals with humid air at
35°C (79% humidity) and 50°C (63% humidity).

5.4 Conclusions
Improved R70 adiabatic experiments were carried out for a systematic exploration of the effect
of particle size on the low-rank coals' propensity for spontaneous combustion (i.e., R70 index and
time to thermal runaway). The comparative relationship between wetting heat and coal oxidation
heat was analyzed by DWHP (dynamic wetting heat percentage), determined by the experimental
measurements and calculations based on the physico-chemical properties of coal and air. Under
low-temperature oxygen flow i.e., 20°C, the self-heating of coal relied more on self-oxidation heat,
other than extrinsic wetting heat, indicated by the low value of DWHP. The particle size had a
more significant impact at low temperatures than at higher temperatures. For the low-rank coals
with higher intrinsic liability for spontaneous combustion, their self-heating process was less
dependent on the extrinsic heat source, i.e., wetting heat, than the coals with low propensity. As
for the coal under the same environmental temperature, the contribution of wetting heat increased
with the increasing particle size. In addition, during the water cutoff experiments, the dry oxygen
had a more apparent catalyzing effect on the finer coal particles than the coarse ones. This research
revealed that in the early stage of the low-rank coal’s self-heating, the wetting heat contributed to
the initiating energy. This catalyzing effect would increase with the increasing particle size,
environment temperature, and coal self-heating propensity. Besides, after the temporary pour
during the storage and transportation of low-rank coal, the risk of spontaneous combustion for
finer coals could quickly deteriorate.
97

Recognition of the particle size effect under varying extrinsic conditions (temperature and
humidity) is important for the safe storage, handling, and transportation of coal. The results of this
study can be implemented to assist the spontaneous combustion management planning in the
coalfield. During the storage, the number of fine coal particles should be reduced, and extra
precautions should be paid for when the weather transits from rainy to sunny. Besides, adequate
ventilation should be provided in the storage space of coal to remove extrinsic moisture and lower
the air temperature.
However, this study has removed the coal’s intrinsic moisture before the tests, which could
transform the internal structure of low-rank coal and possibly change its self-heating propensity
(Karsner and Perlmutter, 1982). Future studies should be focused on testing coal samples under
as-received conditions and investigating coals of higher ranks.
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Chapter 6

A Mathematical Model of Improved R70 Test for

Predicting the Propensity of Coal Spontaneous Combustion

ABSTRACT

Many experiment techniques have been proposed to study the intrinsic proneness of coal to
self-heating. Of all methods, the R70 test is widely used to generate the R70 index, the parameter of
coal self-heating propensity during the low-temperature stage. Previous chapters introduced the
improved R70 method (moist adiabatic test) and discussed its capabilities in quantifying the effect
of extrinsic moisture on the self-heating characteristics of low-rank coals. This chapter introduces
a mathematical model developed based on the energy conservation law to further evaluate the
impact of various intrinsic and extrinsic parameters on the self-heating characteristics of low-rank
coals. The developed model employed experimental data, empirical formulae, and TG analysis to
generate the complete self-heating history of low-rank coal under improved R70 experimental
conditions. Comparison between experimental and simulated self-heating histories demonstrated
the excellent predictive capabilities of the developed model.

Keywords: R70; low-rank coal; energy conservation; wetting heat; oxidation heat
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6.1 Introduction
6.1.1 Adiabatic oxidation method
The adiabatic oxidation method is a proven and viable method to simulate the initial stage of
coal spontaneous combustion. The coal sample reacts with oxygen under adiabatic conditions,
during which no heat transfer happens between the coal and the environment. Due to sufficient
generation of oxidation heat and insufficient heat dissipation, the temperature of coal will keep
increasing and reach the thermal runaway stage eventually. The R70 adiabatic test is introduced by
Davis and Byrne (1924) and standardized by Beamish, et al (2000). In the original R70 test, a
reaction vessel, which contains 150 grams of coal samples, is placed inside an adiabatic reaction
oven. The oven temperature is continuously set to match the coal temperature for maintaining an
adiabatic condition. Oxygen is induced into the reaction vessel to react with coal and the hourly
temperature increment of coal between 40°C and 70°C is the R70 index. The coal’s propensity for
spontaneous combustion can be classified by comparing the R70 index with the criteria proposed
by Beamish and Arisoy (2008).
Although the R70 test has been widely used to study the effect of the intrinsic properties of
coal on spontaneous combustion (Arisoy and Beamish, 2015a, 2015b), it is difficult to activate the
spontaneous combustion of low-rank coal using the current R70 method. As discussed in previous
chapters, the original R70 method was modified to quantify the effect of water vapor and particle
size on the propensity of low-rank coal’s spontaneous combustion Luo and Zhang (2021)
6.1.2 Numerical solutions
Over the last decades, researchers developed several mathematical models to study the
spontaneous combustion characteristics of coal. For example, Schmal et al. (1985) developed a
mathematical model incorporating the effect of evaporation/condensation of moisture content on
coal spontaneous combustion. Arisoy and Akgün (1994) further proposed a non-steady-state
model, which includes conservation equations for oxygen, water vapor, inherent coal moisture
content, and energy for both gaseous and solid phases. More recently, Zhang et al. (2021) carried
out the coal adiabatic oxidation heating experiment with a mini-combustion furnace and
characterized the heating process of coal spontaneous combustion under pure oxygen. A
mathematical model was developed from the heat loss rate function based on the Arrhenius law,
and the spontaneous combustion period in the air was determined from the experiment data under
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pure oxygen. Yan et al. (2022) designed a novel experimental system by testing the reference
material sharing similar physical properties with coal. A series of constant leading temperature
experiments were performed over reference materials, and the collective combustion period of all
the tests was numerically analyzed to predict the self-heating of coal.
In recent years, the availability of more advanced computational fluid dynamics (CFD)
modeling techniques has made predicting coal self-heating with fewer restrictions and more
accuracy possible. Yuan and Smith (2012) developed a CFD model to study the effects of coal
properties on the spontaneous combustion issues in underground coal mine goaf areas. Then they
proposed a three-dimensional equilibrium thermal CFD model, which could simulate the selfheating of coal in a large-scale testing chamber with forced airflow. Zhu et al. (2013)conducted a
numerical study of the self-ignition characteristics of coarse coal stockpiles with COMSOL
Multiphysics software. Their results revealed that the effect of stockpile slope on the thermal
runaway period was minimal for the coarse coal stockpiles.
6.1.3 Problem statement and objective
To prevent and control the hazard caused by coal self-heating, it is necessary to determine the
spontaneous combustion period of coal under adiabatic conditions. Although many numerical
studies were developed, very few provides an insight into the coal spontaneous combustion process
under modified R70 adiabatic conditions. In this chapter, a mathematical model is developed to
describe the heating generation and consumption in a modified R70 experiment system. Using the
parameters determined by the experiments and empirical formula, the self-heating history of
different types of low-rank coal can be generated theoretically.
6.2 Methodology
Based on the energy conservation law, inside the reaction vessel, the amount of heat
generated (by moist oxygen and coal oxidation) equals the total heat consumption. The consumed
heat may be subjected to heat the coal or the gas in the reaction vessel. During the time interval dt,
the fundamental equal relationship based on energy conservation law is shown in Eq.1, through
heat generation and consumption:
𝑑𝐻𝑐𝑜𝑎𝑙 + 𝑑𝐻𝑤 = 𝑑𝐻𝑐
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(6-1)

where Hcoal is the coal oxidation heat, Hw is the wetting heat from condensed water vapor and Hc
is the consumed heat (unit: kJ). Figure 6.1 is a schematic diagram of how the model is developed.
Overall, this model involves eight inputs, and they are determined by different methods. The
proximate analysis of coal gives the weight percentage of moisture content (M), volatile matter
(V), fixed carbon (F), and ash (Ash). These parameters are necessary for determining the coal’s
specific heat at different temperatures. The particle size analysis measures the mean particle size,
PS, which is another key factor that affects the relative humidity of outlet gas. Besides, TGA tests
will determine the kinetic parameters of coal i.e., activation energy and pre-exponential factor.
Meanwhile, the heating value of coal is calculated by an empirical formula. The above eight
parameters facilitate the quantification of the generated heat and the consumed heat during time dt
in the reaction vessel. Then a function between the coal temperature and the experiment time can
be deduced to generate the self-heating curve and the R70 index of coal.

Figure 6.1 Flowchart of the Mathematical Model
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6.2.1 Coal oxidation heat
During time interval dt, considering the mass of the coal sample as mc the heat generated from
coal oxidation can be expressed by the following equations:
𝑑𝐻𝑐𝑜𝑎𝑙 = 𝑚𝑐 ∙ ℎ(𝑇) ∙ 𝑑𝑡
𝐸

ℎ(𝑇) = 𝑄 ∙ A ∙ exp (− 𝑅𝑇)

kJ

(6-2)

kJ/(kg-s)

(6-3)

in which h(T) is the coal oxidation rate, Q is the coal heating value, A is the pre-exponential factor,
E is the activation energy of the coal sample, R is the gas constant, and T is the coal/oven
temperature. To determine the heating value of coal, Wang and Luo (2012) carried out
multivariable regression analysis over 126 heating values of US coal samples and proposed an
empirical equation (Eq.4) :
𝑄 = (158.162 ∙ 𝑉 + 146.853 ∙ 𝐹 − 878.01) × 2.326

kJ/kg

(6-4)

where V and F are the weight percentage of volatile matter and fixed carbon.
The kinetic parameters, i.e., frequency/exponential factor A and activation E, of the coal
sample were determined by a specific TGA test. In the tests, 10-20mg of crushed coal samples are
placed on the sample pan and loaded into the test column of the TA instrument. The samples are
subjected to a constant flow of 10ml/min oxygen and 40ml/min nitrogen, and the column
temperature is constantly ramped up to 650°C. The temperature and the weight change of the
sample are precisely measured and recorded through the tests. Figure 6.2 depicts a typical TGA
curve. The most important stage is labeled by Tmin and Tmax which are the starting and ending
temperatures of the weight-gain process.
As shown in Eqs.5-6, during the weight-gain stage, the weight-loss data concerning coal
temperature can be processed by the integral Arrhenius method (Torrente and Gala, 2001; Zhang,
de Jong and Preto, 2009).
ln

− ln(1 − 𝛼)
𝐴𝑅
𝐸
= 𝑙𝑛 ( ) −
2
𝑇
𝛽𝐸
𝑅𝑇

(6-5)

The conversion rate, α is the weight loss data after normalization and is defined by Eq.6-5;
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𝛼=

𝑚𝑖 − 𝑚 𝑇
𝑚𝑖 − 𝑚𝑓

(6-6)

where 𝑚𝑖 is the initial mass of the sample, 𝑚 𝑇 is the sample mass at temperature T, and 𝑚𝑓 is the
final mass of the sample. By plotting ln

− ln(1−𝛼)
𝑇2

versus 1/T, a quasi-straight line can be created.

This straight line features a slope of -E/R and an intercept of ln(AR/βE), based on which the
numerical values of E and A can be calculated (see Fig 6.3).

Figure 6.2 TGA and DTG Curve of Coal Sample (Mohalik, Lester and Lowndes, 2017)
6.2.2 Wetting heat
The term Hw indicates the amount of heat released during moist oxygen condensation on the
coal surface and is termed wetting heat. In this modified R70 experiment system, a constant flow
rate of oxygen passes the water bath with a fixed temperature. Therefore, the relative humidity of
inlet oxygen is constant throughout the experiment. Due to high intrinsic moisture content, the
low-rank coal is left with lots of porous structure after being dried, making it considerably capable
of absorbing moisture from the air. As more pores are filled with moisture when the test progresses,
the capacity of moisture absorption decreases, causing the relative humidity of exhaust gas to
increase.
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Figure 6.3 Typical Processing of TGA Data for Determining Kinetic Parameters of Coal
(Wang, 2014)
Since the enthalpy of air is primarily determined by the barometric pressure, temperature, and
specific humidity, the difference in enthalpy between the inlet and outlet gas is determined by their
discrepancy in the specific humidity. Then, the wetting heat which depicts the differential enthalpy
between inlet and outlet gas can be determined by calculating their differential specific humidity
(shown in Eq.7).
𝑑𝐻𝑤 = 𝑑𝐻𝑖 − 𝑑𝐻𝑒 = 𝑚̇ 𝑜 [ℎ𝑖 − ℎ𝑒 (𝑇)]𝑑𝑡

kJ

(6-7)

In this equation, Hi and He are the enthalpy of inlet and outlet gas respectively, 𝑚̇ 𝑜 is the mass
flow rate of inlet oxygen, ℎ𝑖 and ℎ𝑒 (𝑇) are the enthalpy of inlet and outlet gas, which is a function
of specific humidity. It should be noted that the specific humidity of inlet oxygen can be
experimentally determined, while it is difficult, if possible, to continuously measure the specific
humidity of outlet gas during the experiment. Therefore, the relative humidity of outlet gas was
recorded during the test and based on the psychrometric properties of gas (Don, 2015), the specific
humidity of gas is a function of the relative humidity (Eqs.8-10)
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𝑃𝑠 = 0.18079𝑒𝑥𝑝 (
𝜑=

𝑃𝑣
𝑃𝑠

17.27𝑇𝑑 −552.64
𝑇𝑑 +395.14

)

× 100

𝑤 = 0.622 𝑃

𝑃𝑣
𝑏 −𝑃𝑣

kJ/(kg-K)

(6-8)

%

(6-9)

kJ/(kg-K)

(6-10)

In the above equations, Ps, Pv, Pb, 𝜑, Td, and w are the saturation pressure of moist air, partial
pressure of water vapor in the air, atmosphere pressure, relative humidity of the gas, the dry-bulb
temperature of outlet gas, and gas specific humidity respectively. Using these functions, the value
of we at different temperatures (T) can be determined numerically. Due to low-rank coal’s
decreased capability of absorbing moisture, when the experiment progresses, the relative humidity
of outlet gas increases. As mentioned in the previous chapter, a series of moist R70 tests were
conducted in which different types of coal with varying particle sizes were subjected to various
temperatures water-bath. In the tests of PRB coals, the relative humidity data was recorded along
with the coal temperature. Multi-variable regression analysis was conducted over three key
parameters, i.e., intrinsic moisture content of coal, mean particle size, and coal temperature, to
simulate the relative humidity of outlet gas throughout the experiment.
6.2.3 Heat consumption
Since the self-heating of coal is subject to an artificially adiabatic condition, there is no heat
transfer between the coal and the reaction oven. Besides, there is no extrinsic heat source for the
gas in the remaining space of the reaction vessel. Therefore, all the heat is used to heat up the dried
coal sample (H1) and the gas in the reaction vessel (H2). The heat consumption during time interval
dt can be expressed by Eqs.11-13:
𝑑𝐻𝑐 = 𝑑𝐻1 + 𝑑𝐻2

kJ

(6-11)

𝑑𝐻1 = 𝑚𝑐 𝐶𝑐 (𝑇) ∙ 𝑑𝑇

kJ

(6-12)

𝑑𝐻2 = 𝑚𝑔 𝐶𝑔 ∙ 𝑑𝑇

kJ

(6-13)

Where mc and mg are the weight of coal sample and gas in the reaction vessel, dT is the temperature
increment within time interval dt, Cg and Cc(T) are the specific heat of gas and coal respectively.
It is worth noting that Cc(T) is a function of temperature and the physical composition of coal.
Eisermann, Johnson and Conger (1980) As mentioned in the previous chapter, the specific heat of
coal can be determined by its proximate analysis by Eqs.14-17.
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𝐶𝑐 = 𝐹𝐶𝐹 + 𝑉1 𝐶𝑉1 + 𝑉1 𝐶𝑉2 + 𝐴𝑠ℎ 𝐶𝐴

kJ/(kg-K)

(6-14)

𝐶𝐹 = −0.218 + 3.807 ∙ 10−3 𝑇 − 1.758 ∙ 10−6 𝑇 2

kJ/(kg-K)

(6-15)

𝐶𝑉1 = 0.728 + 3.391 ∙ 10−3 𝑇

kJ/(kg-K)

(6-16)

𝐶𝑉2 = 2.273 + 2.554 ∙ 10−3 𝑇

kJ/(kg-K)

(6-17)

6.2.4 Oxidation time
By substituting Eqs.2, 3, 7,12 and 13 into Eq.1, the law of energy conservation within the
reaction vessel can be described by Eq.18
𝐸

𝑚𝑐 ∙ 𝑄A exp (− 𝑅𝑇) 𝑑𝑡 + 𝑚̇ 𝑜 [ℎ𝑖 − ℎ𝑒 (𝑇)]𝑑𝑡 = 𝑚𝑐 𝐶𝑐 (𝑇)𝑑𝑇 + 𝑚𝑔 𝐶𝑔 𝑑𝑇
The Eq.18 can be rearranged as:

(6-18)

`
𝐸

𝑑𝑇
𝑑𝑡

=

̇
𝑚𝑐
𝑚𝑔
𝐶𝑐 (𝑇)+ 𝐶𝑔
𝑚𝑐

𝑚
−
𝑄𝐴𝑒 𝑅𝑇 + 𝑜 ∙[ℎ𝑖 −ℎ𝑒 (𝑇)]

(6-19)

By integrating both sides of Eq.19, for the coal sample to heat up from T1 to T2, the time required
(t2 - t1) can be determined by Eq.20
𝑡2
∫𝑡1 𝑑𝑡

=

𝑇2
∫𝑇1

𝑚𝑔
𝑐

𝐶𝑐 (𝑇)+ 𝑚 𝐶𝑔
𝐸

𝑚̇

𝑄𝐴𝑒−𝑅𝑇 + 𝑚𝑜∙[ℎ𝑖 −ℎ𝑒 (𝑇)]

𝑑𝑇

(6-20)

𝑐

Due to the complexity of Eq.20, Simplon’s one-third rule will be implemented to get the numerical
result after integration.
6.3 Results and Discussion
6.3.1 Relative humidity of outlet gas
In the experiments with the same water-bath temperature, e.g., 20°C, the changing pattern
of the outlet gas’s relative humidity was mainly determined by three key factors, i.e., coal
temperature, intrinsic moisture content, and particle size. Multi-variable regression analysis have
been implemented over all the moist R70 tests’ data to simulate the relative humidity under different
occasions (Eqs.21-23).
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𝜑20 = 23.985 + 0.0471𝑇 − 1.146𝑀 + 0.0314𝑃𝑆

(6-21)

𝜑35 = 74.505 + 0.0672𝑇 − 0.884𝑀 + 0.0313𝑃𝑆

(6-22)

𝜑50 = 80.186 + 0.0661𝑇 − 0.309𝑀 + 0.0311𝑃𝑆

(6-23)

In which 𝜑20 , 𝜑35 , and 𝜑50 are the relative humidity of outlet gas in 20°C, 35°C, and 50°C waterbath tests, while T, M, PS are the coal temperature, intrinsic moisture content, and particle size
respectively. Tables 6.1-6.3 summarizes the analysis of variance of the multi-variable regression
model and the T tests for the factors’ coefficients. The P-value for the F test is much smaller than
0.05 and this strongly proves that the overall model is statistically significant. The P-values for the
T tests of three factors are also smaller than 0.05, so there is a statistically significant relationship
between the relative humidity and these three factors.
Table 6.1 Analysis of Variance for 20°C Multi-variable Regression
DF

Regression

3

Sum of
squares

Mean

11429.742

3809.91
2.05

Residual

348

712.341

Total

351

12142.083

F Test

Significance F

square
1861.26

T Test

P-value

Intercept

23.985

0.398

60.25

3.40E-19

Coal temperature

0.0471

0.002

18.86

3.55E-55

Moisture

-1.146

0.021

-52.95

1.1E-168

Mean particle size

0.0314

5.611E-04

55.97

4.3E-176
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7.27E-214

Table 6.2 Analysis of Variance for 35°C Multi-variable Regression
Sum of
squares

Mean

3

13466.15

4488.7167

Residual

347

1475.9295

4.2533993

Total

350

14942.08

DF

Regression

F Test

Significance F

square

T Test

1055.325

P-value

Intercept

74.505141

0.5034706

147.9831

0

Coal temperature

0.0671519

0.0036816

18.239641

1.34E-52

Moisture

-0.884092

0.0265958

-33.24181

6.8E-110

Mean particle size

0.0312544

39.296094

8.1E-130

0.0007954

5.3E-174

Table 6.3 Analysis of Variance for 50°C Multi-variable Regression
Sum of
squares

Mean

3

6043.334

2014.445

Residual

269

1020.524

3.793769

Total

272

7063.858

DF

Regression

F Test
square

T Test

530.9877

1.2E-112

P-value

Intercept

80.186327

0.495829

161.7217

5.4E-270

Coal temperature

0.0661449

0.003959

16.70755

1.79E-43

Moisture

-0.309274

0.027369

-11.3002

1.73E-24

Mean particle size

0.0314279

31.78053

4.62E-93

0.000989

Significance
F

6.3.2 Oxidation time of PRB coal
For PRB#1 coal, the pre-determined parameters for the mathematical model are shown in Table
6.2. The mean particle size of fine, medium, and coarse size experiments are 36, 140, and 396µm
according to the particle size analyzer. The medium size PRB#1 coals were tested under 20°C, 35°,
and 50°C water-bath temperatures (Fig 6.4), while the fine and coarse PRB#1 coals were only
subjected to 20°C water-bath tests (Fig 6.5). By substituting the numerical values of the parameters
into Eq.15, the oxidation time for the coal to rise from 40°C to a specific temperature can be
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calculated. The oxidation time determined by the mathematical model is also plotted in Figure 6.46.5 In the medium particle 20°C tests, the tested R70 indices are 3.07, 3.82, and 5.86°C/h
respectively. While the simulated R70 indices are 2.80, 3.38, and 5.36°C/h respectively, which
agree well with the experiment results. For the fine and coarse particle 20°C tests, the tested R70
indices are 3.89 and 2.54°C/h. These values are also fairly close to the simulated indices, i.e., 3.63
and 2.43 °C/h. It should be noted that in the early stage of self-heating, the experiment temperature
is always greater than the simulated value. A possible elucidation is that the heat generation has
more than two resources, i.e., coal oxidation heat and wetting heat (Ren et al., 2020). Besides, after
the temperature passed 90°C, the predicted coal temperature values are greater than the experiment
results. This phenomenon might be assignable to the decreasing reactivity of coal. In this model,
we assumed constant pre-exponential factor (A) and activation energy (E). However, as the test
progressed, the decreased reactivity of coal could result in increased activation energy, and the
actual heating generation rate would decrease accordingly.
Table 6.2 Input for the Mathematical Model of Modified R70 test

Input Parameters

Value

Moisture content

19.18

%

Volatile matter

40.49

%

Fixed carbon

35.54

%

Ash

4.8

%

Mean particle size

36/140/396

µm

Activation Energy

75.3

kJ/mol

Pre-exponential factor

15000

1/s

Heating value

24993

kJ/kg
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Unit

Figure 6.4 Self-heating Curves of medium size PRB#1 coal

Figure 6.5 Self-heating Curves for Fine and Coarse Size PRB#1 coal in 20°C tests
As discussed in the previous chapters, three types of PRB coals with three size fractions were
analyzed under varying extrinsic conditions. Every single experiment yields a tested R70 value and
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each specific R70 index can also be predicted by the mathematical model. Figure 6.6 presents the
tested versus predicted R70 indices. If the R70 index is perfectly predicted, all the data points should
lie on a diagonal straight line with an inclination of 1. As shown in Figure 6.6, all the data points
lie evenly around the diagonal line and the discrepancies are insignificant. By comparing the
predicted R70 indices with vast experiment results, it demonstrates that the proposed mathematical
model can practically simulate the R70 index of low-rank coal. This figure also shows that as the
R70 index increases, the difference between the predicted and tested values increases. This implies
that the self-heating process of highly reactive coal samples may involve other physical or
chemical reactions.

Figure 6.6 Tested vs Predicted R70 Indices of PRB Coals
6.4 Conclusions
For determining the self-heating curve of the modified R70 test, a mathematical model is
developed upon the energy conservation law. The critical parameters can be determined by the
regression analysis of present R70 tests and by the thermogravimetric analysis (TGA). This model
enables predicting the self-heating curve of low-rank coal with extrinsic moisture included and the
simulated results confirmed that the increased relative humidity and smaller particle size could
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accelerate the self-heating of coal. The predicted values, concerning R70 indices, are consistent
with the experiment data. However, the simulated curve tends to transcend the original curve
around 80-90°C. This was possibly ascribed to the decreased reactivity of coal as the experiment
progressed. In this model, we postulated that coals had constant kinetic parameters. If the required
activation energy increased, it would reduce the oxidation rate of coal and the oxidation heat. For
the future study, other types of low-rank coal should be tested within the lab to test and modify
this model accordingly.
Although the moist R70 tests involve complex heat exchange during the physico-chemical
reactions, the proposed mathematical model predicts the R70 index of low-rank coal with
considerable accuracy. In the mining industry, this model may help identify the self-heating
propensity of low-rank coal under moist environments, without conducting laboratory tests.
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Chapter 7 Conclusions and Recommendations
7.1 Conclusions
Coal spontaneous combustion creates safety issues in the coal mines and can trigger fire
accidents during the storage, handling, and transportation of coal. Due to the complexity of this
phenomenon, many intrinsic and extrinsic factors may vary its developing process. Low-rank coal
features high intrinsic moisture content and it is highly prone to absorb moisture from the air. The
heat released during the condensation process may provide the initial energy that catalyzes the
self-heating process. To effectively control the risk of low-rank coal self-heating, it is imperative
to comprehend and quantify the role of moisture in the low-temperature stage. Based on the most
R70 experiment, this research draws the following conclusions:
⚫

The employment of the moist R70 test can provide essential data to study the wetting heat
effect of low-rank coal’s self-heating process. The tests over the Xinjiang coal prove that an
introduced controlled amount of moisture can significantly accelerate the early stage selfheating. The comparison between the total enthalpy brought into the reaction by moist oxygen
and the total heat required to heat the coal sample implies that only a portion of the enthalpy
is consumed to sustain the self-heating of coal. Besides, in the water cutoff experiments, the
oxidation rate of coal is further increased by switching the moist oxygen to dry oxygen. The
catalyzing effect of removing the moist oxygen indicates that the risk of self-heating increases
when low-rank coal is exposed to intermittent showers.

⚫

Second, three types of PRB coals that feature different self-heating propensity are tested by
the moist R70 method under different temperatures and relative humidity levels. The wetting
heat indicates the actual amount of condensation heat absorbed by the coal samples. The
wetting heat percentage (WHP) describes the relative magnitude of wetting heat compared to
the total heat consumed to raise the coal temperature. In general, the WHP decreases as the
temperature increases. While at the same temperature, more reactive coals’ WHP is always
greater than less reactive coals and the WHP of a higher-temperature water bath environment
is also greater than that of lower temperature. The peak of WHP is reached between 50oC to
55oC. During the water cutoff experiments, the heat carried away by evaporation only
accounts for 0.5% of the oxidation heat.
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⚫

In the systematic study of the particle size effect of low-rank coals’ self-heating process, the
comparative relationship between the wetting heat and the coal oxidation heat is analyzed by
DWHP (dynamic wetting heat percentage). The particle size plays a bigger role under the
relatively lower-temperature oxygen flow (20oC as opposed to 35oC and 50oC). The more
reactive low-rank coals are also more sensitive to the change in particle size. Besides, the
DWHP always increases with the increasing particle size under the same temperature oxygen
flow, indicating that coarse coals’ self-heating is more dependent on the extrinsic heat source.
The accelerating effect of water cutoff is also more significant over more reactive coals and
during relatively lower environmental temperatures.

⚫

A mathematical model has been developed for simulating the self-heating curve of low-rank
coal within the moist R70 tests. Coupled with the parameters determined from the regression,
TGA tests, and empirical formulae, this model can predict the R70 index of low-rank coals
with satisfying accuracy.

The theoretical findings of this study provides a guideline to control the low-rank coal’s selfheating in the field. Wetting heat contributes an essential amount of heat to initialize the low-rank
coal’s self-heating. Furthermore, coals have a higher risk of self-heating during intermittent rain.
Increasing the particle size of coal can significantly prolong the developing time of self-heating,
especially for the highly reactive coals. Lowering the relative humidity of air during handling the
coal also reduces the self-heating risk. Besides, special precautions should be paid right after the
low-rank coals are exposed to a shower.
7.2 Recommendations for Future Study
According to the findings of this study and the author’s knowledge, the following work is
recommended for future studies:
⚫

Conduct the moist R70 tests on studying the effect of extrinsic moisture on the self-heating
process of as-received low-rank coals. Quantify the amount of wetting heat for low-rank coals
with different intrinsic moisture content.

⚫

More low-rank coal samples with different compositions need to be analyzed with the moist
R70 method to validate the conclusions drawn from this study.
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⚫

More comprehensive data should be collected, while testing different types of low-rank coal
under varying extrinsic conditions, to enhance the accuracy of the mathematical model.

⚫

Explore novel techniques that can elongate the self-heating development period of low-rank
coal in hot and moist conditions.
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Nomenclature
A

Pre-exponential factor

s-1

𝐶𝑐 (T)

specific heat of coal at given temperature

kJ/(kg-K)

𝐶𝐹

specific heat of fixed carbon

kJ/(kg-K)

𝐶𝑔

specific heat of gas

kJ/(kg-K)

𝐶𝑉1

specific heat of primary volatile matter

kJ/(kg-K)

𝐶𝑉2

specific heat of secondary volatile matter

kJ/(kg-K)

E

activation energy

kJ

F

weight fraction of fixed carbon

%

𝐻1

heat consumed by the coal

kJ

𝐻2

heat consumed by the gas

kJ

𝐻𝑐

heat consumption

kJ

𝐻𝑐𝑜𝑎𝑙

coal oxidation heat

kJ

𝐻𝑒

heat of outlet gas

kJ

𝐻𝑖

heat of inlet gas

kJ

𝐻𝑤

wetting heat

kJ

ℎ𝑖

enthalpy of inlet gas

kJ/kg

ℎ(𝑇)

heat rate of coal oxidation

kJ/(kg-s)

ℎ𝑒 (𝑇)

enthalpy of outlet gas

kJ/kg

M

weight fraction of moisture content

%

𝑚𝑐

mass of coal sample

g

𝑚𝑓

final mass of coal sample (TG)

mg

𝑚𝑔

mass of vessel gas

g

𝑚𝑖

initial mass of coal sample (TG)

mg

𝑚̇ 𝑜

mass flow rate of inlet gas

g/min
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𝑚𝑇

mass of coal sample at given temperature

mg

PS

mean particle size

µm

𝑃𝑏

barometric pressure

in-Hg

𝑃𝑠

vapor pressure of air at saturation

in-Hg

𝑃𝑣

vapor pressure of air at given temperature

in-Hg

Q

Heat capacity of coal

kJ/kg

R

gas constant

J/(mol-K)

T

coal temperature

°C

V1

weight fraction of primary volatile matter

%

V2

weight fraction of secondary volatile matter

%

𝜑

relative humidity

%
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